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PREFACE 


The  papers  in  this  volume  are  drawn  from  Symposium  Q,  "Magnetoelectronics — Novel 
Magnetic  Phenomena  in  Nanostructures,"  and  Symposium  R,  "Advanced  Characterization  of 
Artificially  Structured  Magnetic  Materials,"  which  were  held  December  1-5  at  the  2002  MRS 
Fall  Meeting  in  Boston,  Massachusetts.  The  common  focus  of  interest  was  on  artificially 
engineered  nanostructured  magnetic  systems.  The  two  symposia  discussed  new  phenomena  in 
such  systems  that  are  interesting  for  magnetoelectronic  applications,  their  preparation,  and 
advanced  methodology  for  characterization. 

Interest  in  nanomagnetism  has  been  catalyzed  by  advances  in  two  fields  of  research: 

(i)  Advances  in  materials  synthesis  of  structures  whose  length  scales  transcend  magnetic  length 
scales  and  open  the  possibility  for  creating  materials  with  new  magnetic  properties.  Such 
structures  include  interfaces,  superlattices,  tunneling  devices,  nanostructures,  and  single¬ 
molecule  magnets,  (ii)  Advances  in  sample  characterization  techniques  for  nanomagnetism 
allow  detailed  exploration  of  structure-property  relationships  in  nanostructured  magnetic 
systems.  The  symposia  reviewed  current  trends  in  both  fields,  and  provided  a  forum  for 
discussions  about  the  outlook  for  further  advances  and  new  capabilities. 

The  symposia  were  sponsored  by  the  Army  Research  Office,  the  Advanced  Technology 
Institute  Foundation  of  Japan,  the  Office  of  Naval  Research,  the  National  Science  Foundation, 
the  Advanced  Light  Source,  the  Advanced  Photon  Source,  JEOL  USA  Inc.,  the  Los  Alamos 
Neutron  Science  Center,  the  National  High  Magnetic  Field  Laboratory,  the  NIST  Center  for 
Neutron  Research,  and  the  ORNL  Spallation  Neutron  Source.  We  are  very  grateful  for  their 
generous  financial  support. 
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Abstract 

The  magnetic  proximity  effect  (MPE)  has  attracted  the  attention  of  theorists  and  experimental¬ 
ists  for  at  least  three  decades.  Lately,  the  relevance  of  the  effect  for  the  development  of  nanodevices 
has  revived  interest  on  the  subject.  Here  we  review  how  the  field  has  evolved,  centering  our  atten¬ 
tion  on  metal-metal  and  metal-insulator  systems.  We  describe,  and  critically  compare,  the  different 
theoretical  approaches  that  have  been  put  forward,  as  well  as  their  limitations.  An  evaluation  of 
the  relationship  between  existing  theories  and  available  experimental  results  is  also  attempted. 
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1.  INTRODUCTION 


Almost  30  years  ago  Zuckermann  [1],  in  a  pioneer  work,  showed  theoretically  that  a  sys¬ 
tem  formed  by  a  thin  film  of  a  weak  itinerant  ferromagnet  (FM),  in  atomic  contact  with  a 
thick  film  of  an  enhanced  paramagnetic  metal  (PM),  can  exhibit  a  nonzero  Curie  temper¬ 
ature.  Shortly  thereafter  this  theory  was  extended  to  a  system  formed  by  a  ferromagnet 
in  contact  with  an  antiferromagnet  [2].  The  technique  that  was  used  consisted  in  solving 
a  simplified  version  of  the  integral  equation  derived  from  the  Landau-Ginzburg  theory  of 
phase  transitions.  This  equation  reads  as  follows: 

A/(f)  =  /  dV  U(f)  xr(r-  f-,0)  M(f')  -  U(f)  M3(f)  £G?(w) ,  (1.1) 

where  M(f)  is  the  local  magnetization  at  point  r,  U(r)  the  Hubbard  exchange  constant, 
Xr(r\  0)  the  static  r-dependent  magnetic  susceptibility  of  the  non-interacting  conduction 
electrons  and  Gp(o;)  the  propagator  for  these  momentum  p  conduction  electrons. 

The  above  equation  was  analyzed  using  the  procedure  set  forth  by  Werthamer  [3],  for 
the  proximity  effect  between  two  superconductors.  This  way  the  integral  equation  1.1  is 
transformed  into  a  differential  equation.  The  solution  of  this  equation  was  obtained  by 
matching  the  superconducting  order  parameter  and  its  slope  at  the  interface.  However, 
this  procedure  is  not  reliable  when  applied  to  magnetic  interfaces.  First,  with  the  possible 
exception  of  very  weak  magnets,  the  coherence  length  of  the  magnetic  order  parameter 
M(f)  is  smaller  than  a  typical  lattice  parameter,  which  excludes  a  continuous  differential 
equation  as  a  valid  description.  In  addition,  there  is  no  a  priori  reason  for  requiring  that  the 
slope  of  M(r)  be  continuous  across  an  interface.  For  all  these  reasons  a  difference  equation 
formulation  seems  to  be  appropriate. 

On  the  other  hand,  in  1978  Bergmann  [4]  published  experimental  results  on  very  thin 
film  magnetization  of  Ni,  Co  and  Fe  deposited  on  a  PM  metallic  substrate  (Pb3Bi).  He 
interpreted  his  measurements  to  imply  that  the  magnetization  of  the  first  few  FM  layers, 
closest  to  the  PM,  was  substantially  different  from  the  bulk  value.  Moreover,  he  concluded 
that  Ni  did  not  develop  a  magnetic  moment  in  films  thinner  than  three  monolayers.  This 
in  itself  is  an  interesting  fact,  since  magnetic  dead  layers  at  the  surface  of  bulk  Ni  had 
first  been  reported  and  later  disproved.  Thus,  Bergmann’s  measurements  are  relevant  to 
the  basic  problem  of  the  relation  of  magnetism  and  dimensionality,  since  in  the  crossover 
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from  zero  dimensions  (a  single  magnetic  Ni  atom)  to  three-dimensional  magnetic  bulk  Ni, 
the  intermediate  stage  of  a  two-dimensional  ultrathin  Ni  film  deposited  on  a  PM  substrate 
turns  out  to  be  non- magnetic. 

Bergmann’s  measurements  constitute,  to  the  best  of  my  knowledge,  the  first  experimental 
verification  of  the  magnetic  proximity  effect  (MPE);  they  also  show  unequivocally  that  the 
coherence  length  of  M(r)  is  of  the  order  of  magnitude  of  0.1  nm. 


2.  METALLIC  SYSTEMS 
2.1.  Early  theories 

Bergmann’s  experiments  provided  strong  additional  motivation  for  the  formulation  of 
a  proper  difference  equation  treatment  of  the  problem.  Not  surprisingly  shortly  thereafter 
(1979),  Cox  et  al  [5]  put  forward  such  a  theoretical  model  to  describe  this  experiment.  Since 
Ni  is  clearly  a  typical  example  of  an  itinerant  electron  FM  they  suggested  a  treatment  on 
the  basis  of  a  single  band  Hubbard  model.  Essentially  it  can  be  formulated  as  follows: 

H  —  Hfm  +  Hfm/pm  +  Hpm  ,  (2.1) 

where  HFM ,  HPM  and  Hfm/pm  represent  the  ferromagnet,  paramagnet  and  the  coupling 
between  them,  respectively.  They  can  be  specified  as 

Hpm  =  *FM  E  Cj,oCj,o  +  ^FM  E  E[CLrCj,<r  +  +  U  E  E  >  (2*2) 

jf,CT  <ij>  a  ° 

Hpm  =  ePM  E  cjgc7,<7  +  tpM  E  E[cLrc7,g  +  ,  (2.3) 

j,o  <i,j>  a 

Hfm/pm  =  t fm/pm  E  E[cU<V  +  •  (2-4) 

<i,j>  O 

Above  c)  a  and  are  the  spin  a  electron  creation  and  destruction  operators  at  lattice  site 
j,  respectively.  €fm  and  epM  are  the  FM  and  PM  band  centers,  <  i,j  >  denotes  only 
nearest  neighbor  summation.  tpM ,  tPM  and  tpM/PM  are  the  hopping  matrix  elements  for 
the  FM,  PM  and  across  the  FM/PM  interface,  respectively,  and  U  is  the  Hubbard  exchange 
constant. 
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In  the  preceding  formulation  it  was  assumed,  in  order  to  make  the  problem  tractable, 
that  the  interface  between  the  FM  and  the  PM  is  flat,  free  of  defects  and  that  the  crystal 
structures  of  the  FM  and  PM  match  perfectly.  However,  the  solution  of  this  single-band 
problem  is  non-trivial,  even  after  the  preceding  simplifications  are  adopted.  The  first  major 
difficulty  that  has  to  be  overcome  is  the  charge  transfer  across  the  interface,  to  which  the 
results  are  extremely  sensitive.  In  Ref.  [5]  this  was  approximated  by  the  addition  of  a  spin 
independent  potential  A  added  to  each  PM  site,  in  order  to  simulate  a  step  like  dipole  at  the 
interface;  next,  A  was  determined  self-consistent ly.  In  this  way  semi-quantitative  conclusions 
on  the  behavior  of  very  thin  FM  films  deposited  on  a  PM  substrate  were  obtained. 

The  main  trends  that  the  model  of  Cox  et  al.  [5]  established  are  that  the  magnitude  of 
the  magnetic  moments  depend  mainly  on  the  degree  of  band  hybridization  at  the  interface 
^fm/pm/^pm  and  the  band  filling  of  the  FM  film  itself.  For  a  monolayer,  and  a  plausible  set 
of  hopping  parameters,  the  model  yields  a  loss  of  the  Ni  magnetic  moment,  but  not  so  for 
Co  or  Fe.  However,  its  major  weakness  is  the  treatment  of  the  charge  transfer  across  the 
interface. 


2.2.  Interface  charge  transfer 

Not  long  thereafter  Mata  et  al.  [6]  reexamined  the  problem  carrying  out  a  more  detailed 
calculation  of  several  additional  physical  quantities,  like  charge  transfer  and  layer  by  layer 
magnetization.  The  system  treated  was  a  single  Ni,  Co  or  Fe  atomic  layer  deposited  on 
Pb3Bi,  as  the  typical  PM.  However,  the  major  improvement  introduced  by  Mata  et  al.  was 
in  the  interfacial  charge  transfer  treatment.  This  was  achieved  using  a  generalized  version 
of  the  Friedel  sum  rule,  put  forward  by  Toulouse  [7] ,  in  which  the  charge  rearrangements  are 
related  to  the  scattering  phase  shifts.  This  issue  is  quite  crucial,  since  small  charge  transfers 
have  large  physical  effects.  Analytically,  the  generalized  Friedel  sum  rule  reads  as  follows: 

AN  =  *N  £  ^e’  ^  =  ~  nN  ^  arg  det  P  “  VG°) .  (2-5) 

k  k 

where  AN  is  the  difference  between  the  nominal  bulk  electron  occupation  N  and  the  FM 
film  occupations,  I  is  the  unit  matrix,  G0  the  bulk  Greens  function  of  the  PM  and  V  the 
difference  between  the  Hamiltonian  2.1  and  the  one  which  describes  the  infinite  PM.  The 
main  conclusions,  reached  on  the  basis  of  the  treatment  of  Ref.  [6],  were  that  both  the  charge 
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transfer  and  the  magnetization  are  only  significant  for  the  FM  and  PM  atomic  layers  closest 
to  the  interface. 

This  study  was  extended,  using  the  same  charge  transfer  treatment,  to  FM  slabs  of  up  to 
50  monolayers  thick,  by  Altbir  et  al  [8].  They  were  able  to  establish  that  for  relatively  weak 
ferromagnets,  that  is  for  U/tpM  <  10,  the  magnetization  of  the  FM  film  was  substantially 
modified,  but  that  hardly  any  magnetization  spread  into  the  paramagnetic  substrate  was 
observable,  not  even  close  to  the  interface.  These  results  are  qualitatively  independent  of 
the  filling  of  the  single  FM  band. 

2.3.  Multiple  bands 

Tersoff  and  Falicov  [9]  reformulated  the  problem  by  changing  the  system:  instead  of 
considering  a  FM  film  on  a  semi-infinite  PM  bulk,  they  studied  the  behavior  of  a  thin  PM 
(3  monolayer  Cu  film)  on  a  semi-infinite  FM  (Ni).  This  system  has  several  advantages:  the 
lattice  parameters  of  Cu  and  Ni  are  quite  similar,  and  both  have  the  same  crystal  structure, 
and  furthermore  Cu  grows  well  on  Ni.  Moreover,  their  treatment  is  more  realistic,  since 
they  generalized  the  single  band  model  described  by  Eq.  2.4,  incorporating  the  3d,  4s  and 
4p  bands  of  Cu  and  Ni.  A  reduction  to  0.33  and  0.13  /zB  of  the  Ni  bulk  magnetization 
(0.62  fiB)  for  the  nearest  and  second  nearest  layers  to  a  (100)  interface,  respectively,  was 
obtained.  However,  similar  calculations  indicated  that  Ni  is  paramagnetic  (or  nearly  so)  on 
the  (111)  face  of  Cu  [10,  11].  Moreover,  and  in  agreement  with  previous  work,  no  appreciable 
penetration  of  the  magnetization  into  the  Cu  did  result. 

Other  authors  have  also  explored  the  same  ideas  using  closely  related  procedures.  Mathon 
et  al  [12]  investigated  the  exchange  coupling  between  Co  and  Cu,  on  the  basis  of  a  method 
put  forward  by  Mathon  [13].  Hasegawa  and  Herman  [14]  extended  the  calculations  in  two  as¬ 
pects:  i)  they  studied,  in  a  band  theory  formulation,  the  cobalt-chromium  FM/AF  interface, 
in  contrast  with  a  FM/PM  one;  and,  ii)  they  included  finite  temperature  effects. 

On  the  experimental  side  of  the  aisle  Frydman  and  Dynes  [15],  as  recently  as  1999,  mea¬ 
sured  the  magnetoresistance  of  granular  ferromagnets  suggesting  that  their  observations 
could  be  interpreted  as  reflecting  the  existence  of  a  magnetic  proximity  effect  (MPE).  More 
precisely,  they  measured  the  magnetoresistance  of  films  of  isolated  Ni  grains  covered  by 
different  non-magnetic  overlayers.  They  explored  both  the  superparamagnetic  to  FM  tran- 
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sition,  and  the  impact  of  the  different  overlayers  on  the  magnetic  coupling  between  the  Ni 
grains.  The  observation  that  a  strong  correlation  of  hysteresis  with  magnetic  overlayer  sus¬ 
ceptibility  does  exist  lead  Frydman  and  Dynes  [15]  to  suggest  that,  in  high  quality  samples, 
the  proximity  effect  may  be  dominant  in  the  short  distance  scale.  Just  a  few  months  ago 
Akerman  et  al.  [16]  extracted,  from  Brillouin  light  scattering  experiments,  an  upper  bound 
for  the  magnetic  thickness  of  Fe  films.  This  upper  bound  turned  out  to  be  less  than  1  A  for 
Fe/X/ZnF2  and  X/Fe/ZnF2  systems,  where  X=  Al  and  Pd,  which  constitutes  an  indication 
of  the  weakness  of  the  MPE  in  metallic  systems. 


3.  METAL-INSULATOR  FM/AF  INTERFACES 

As  a  consequence  of  the  interest  that  the  exchange  bias  (EB)  phenomenon  [17]  has  at¬ 
tracted  during  the  last  years  the  interface  between  metallic  FM’s  and  AF  insulators  has 
become  a  subject  of  intensive  research.  In  this  context  the  electronic  band  theory  mod¬ 
els  described  above  are  replaced  by  a  Heisenberg-like  Hamiltonian  descriptions  of  localized 
magnetic  moments  [18,  19].  Without  going  into  specifics  of  the  EB  problem,  on  which  we 
(  refer  the  reader  to  several  recent  experimental  and  theoretical  reviews  [17,  19,  20],  here  we 

will  focus  our  attention  on  the  difficulties  related  to  the  MPE  issue  that  have  to  be  overcome 
in  the  theoretical  treatment  of  the  interface.  In  close  analogy  with  Eq.  2.1  the  Hamiltonian 
that  is  applied  in  this  context  reads 


'H  —  'Haf  +  'Hfm/af  +  'Hfm-  (3.1) 

where  Haf ,  Hfjaf  and  Hfm  describe  the  AF  substrate,  interface  coupling  and  the  F  slab, 
respectively.  For  the  single  magnetic  cell,  partially  represented  in  Fig.  1,  and  in  sharp 
contrast  with  2.4,  the  localized  spin  Heisenberg  description  takes  the  form 


'Haf  =  -  Jaf[S  eAF  .  (S<Q>  -  S W>)  +  2 ]  (3.2) 

-  \kaf  [  (S(Q)  •  e^)2  +  (3™  . iAFf  }  -  l2nBg  (§M  +§W).S, 

Hfm/af  =  -  Jf/af  (s(a)  +  £(/?))  •  Si  ,  (3.3) 

Hfm  =  —  2Jf  ^2  *  Sk+i  —  *  H)2  +  fisg  Sk  *  H  } .  (3.4) 

*=i  k= i  n 
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FIG.  1:  Illustration  of  the  perpendicular  FM  and  AF  magnetic  interface  configuration,  with  spin 
canting  in  the  first  AF  layer. 

Above  S  =  |S|  and  N  is  the  number  of  FM  layers.  Pb  and  g  denote  the  Bohr  magneton  and 
the  Fe  gyromagnetic  ratio,  respectively,  while  H  is  the  external  applied  magnetic  field. 
denotes  the  Heisenberg  exchange  parameter  and  K ^  the  uniaxial  anisotropy.  In  Eq.  3.2  the 
unit  vector  eAF  defines  the  AF  uniaxial  anisotropy  direction,  S ^  and  S ^  are  canted  spin 
vectors  in  the  AF  interface,  belonging  to  the  a -  and  /?- AF  sub-lattices. 

The  illustration  of  Fig.  1  stresses  the  fact,  pointed  out  by  Koon  [18],  that  the  ground 
state  configuration  corresponds  to  perpendicular  orientation  of  the  bulk  FM  moments  relative 
to  the  AF  magnetic  easy  axes  direction.  Moreover,  Koon  also  showed  that  the  magnetic 
moments  in  the  AF  interface  layer  exhibit  canting;  in  fact,  the  minimum  energy  is  achieved 
with  the  AF  spins  adopting  a  relatively  small  canting  angle  (0  <  10°)  relative  to  the  AF 
bulk  easy  axis,  with  a  component  opposite  to  the  cooling  field  Hcf  direction.  However  this 
canting,  which  is  the  manifestation  of  the  MPE,  has  a  significant  magnitude  only  in  the  AF 
layer  closest  to  the  interface  [21-23]. 

The  theoretical  treatment  outlined  above  actually  is  quite  rudimentary.  It  assumes  perfect 
crystallographic  and  magnetic  order  of  the  FM  and  the  AF  all  the  way  to  the  interface,  and 
moreover  assumes  perfect  crystal  structure  matching  across  a  flat  interface.  Since  the  MPE 
is  only  appreciable  in  the  interface  vicinity  this  is  a  rather  strong  assumption.  Moreover, 
since  the  elastic  energy  related  to  symmetry  breaking  is  in  general  so  much  larger  than  the 


magnetic  energies,  this  adds  significant  difficulties  to  a  reliable  treatment.  Weissmann  et 
al.  [27],  in  view  of  the  fact  that  both  the  FM  and  AF  interface  characteristics  (geometry 
and  physical  parameters)  are  hard  to  determine  experimentally  and  complicated  to  estimate 
theoretically,  recently  adopted  two  alternative  interface  configurations  to  obtain  upper  and 
lower  bounds  for  the  computed  values  of  the  exchange  coupling  across  the  interface  between 
metallic  Fe  and  insulating  FeF2,  derived  on  the  basis  of  ab-initio  density  functional  theory 
calculations  implemented  for  a  periodic  supercell.  They  yield  values  of  JFM/af  that  are  quite 
close  to  each  other  and  of  the  correct  order  of  magnitude,  which  corresponds  to  ~  1  meV. 
However,  more  realistic  first  principle  computations  of  non-collinear  and/or  rough  interfaces 
do  not  seem  feasible  at  present. 

Experimentally  the  MPE  of  metal- insulator  FM/AF  systems  has  recently  received  a  great 
deal  of  attention.  Here  we  limit  ourselves  to  pointing  out  a  few  of  these  measurements,  that 
are  directly  related  to  the  model  discussed  above.  Manago  et  al  [24]  and  Hoffmann  et  al.  [25] 
investigated  the  magnetic  proximity  effect  in  NiO/Pd  superlattices,  with  conflicting  results. 
While  the  former  suggested  that  a  ferromagnetic  moment  of  0.59  fig  developed  per  Pd  atom, 
Hoffmann  et  al.  used  polarized  neutron  reflectometry  to  directly  observe  the  Pd  magnetic 
moment  and  to  characterize  its  spatial  dependence  ( i.e .  the  magnetization  profile  of  the 
heterostructure),  but  without  finding  evidence  of  Pd  magnetization.  In  addition,  Hoffmann 
et  al.  [26]  just  reported  neutron  reflectometry  results  on  another  metal-insulator  FM/AF 
system:  Co/LaFe03,  where  a  net  magnetic  moment  is  observed  to  develop  in  the  AF  layer 
closest  to  the  interface.  More  remarkably,  this  AF  magnetization  remains  constant  when  the 
magnetic  field  is  cycled  and  is  coupled  antiferromagnetically  to  the  FM.  These  experimental 
observation^are  fully  compatible  with  the  exchange  bias  model  put  forward  in  Refs.  [21-23]. 


4.  SPIN  INJECTION 

The  renewed  interest  in  the  MPE  is  certainly  related  to  spintronics.  In  fact,  a  century  plus 
since  the  discovery  of  the  electron,  and  after  extensive  exploitation  of  charge  related  effects, 
the  electron  spin  is  only  now  being  explored  for  application  in  devices.  In  this  context  another 
related  avenue,  spin  injections  into  semiconductors  has  received  much  attention  [28,  29]. 
However,  the  physical  mechanisms  related  to  spin  injection  are  completely  different  to  the 
ones  discussed  above.  While  in  the  conventional  MPE  quantum  mechanics  is  the  governing 
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ingredient,  spin  injection  is  a  diffusive  non-equilibrium  process  in  which  electrons  tunnel 
through  a  barrier  at  the  hetero junction.  The  barrier  is  essential  since  otherwise,  and  for 
the  reasons  outlined  in  the  preceding  sections,  spin  injections  turns  out  to  be  very  weak  for 
FM  contacts  with  typical  metallic  resistivity.  Present  theories  [28,  29]  allow  to  conclude 
that  spin-dependent  tunneling  can  be  employed  to  achieve  spin  injection,  but  that  the  spin 
injection  efficiency  does  not  exceed  2%  at  a  temperature  of  3  K  [30]. 

Another  recently  explored  road  to  spin  coherence  in  a  semiconductor  is  reflection  off  a  FM. 
In  fact,  Epstein  et  al  [31]  observed  spontaneous  spin  coherence  induced  by  FM  proximity 
in  a  Mn  based  hybrid  ferromagnet / n-GaAs  heterostructure,  while  Ciuti  et  al  [32]  analyzed 
theoretically  the  non-equilibrium  spin  dynamics  of  carriers  reflected  from  a  FM  interface. 


5.  SUMMARY  AND  CONCLUSION 

In  summary,  we  have  outlined  the  evolution  of  the  understanding  of  the  magnetic  prox¬ 
imity  effect  (MPE),  as  it  has  developed  over  the  last  30  years.  Two  fundamentally  different 
physical  systems  were  considered:  i)  a  FM  metal  in  contact  with  a  PM  metal;  and,  ii)  a 
FM  metal  on  an  AF  insulator.  Completely  distinct  theoretical  treatments  yield,  for  both 
cases,  a  rather  short  ranged  MPE.  For  ferromagnets  on  paramagnets  the  effect  is  strongest 
on  the  FM  side,  while  for  a  FM  on  an  antiferromagnet  it  is  the  AF  magnetization  close  to 
the  interface  that  is  more  strongly  affected. 

Lately,  and  in  relation  to  spintronics,  a  different  but  closely  related  phenomenon  has 
received  much  attention:  the  spin  injection  of  polarized  electrons  into  a  semiconductor.  This 
is  a  non-equilibrium  diffusive  process,  of  a  different  nature  from  the  quantum  mechanical 
phenomenon  known  as  MPE.  A  full  understanding  of  both,  MPE  and  spin  injection,  are 
relevant  for  the  exciting  and  challenging  problem  of  achieving  successful  manipulation  of 
electron  spin  in  practical  devices. 
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ABSTRACT 

The  domain  state  model  for  exchange  bias  consists  of  a  ferromagnetic  layer  exchange 
coupled  to  an  antiferromagnetic  layer.  In  order  to  model  a  certain  degree  of  disorder  within 
the  bulk  of  the  antiferromagnet,  the  latter  is  diluted  throughout  its  volume.  Extensive 
Monte  Carlo  simulations  of  the  model  were  performed  in  the  past.  Exchange  bias  is 
observed  as  a  result  of  a  domain  state  in  the  antiferromagnetic  layer  which  develops  during 
the  initial  field  cooling,  carrying  a  remanent  domains  state  magnetization  which  is  partly 
irreversible  during  hysteresis.  A  variety  of  typical  effects  associated  with  exchange  bias  like, 
e.  g.  ,  its  dependence  on  dilution,  positive  bias,  temperature  and  time  dependences  as  well 
as  the  dependence  on  the  thickness  of  the  antiferromagnetic  layer  can  be  explained  within 
this  model. 


INTRODUCTION 

For  compound  materials  consisting  of  a  ferromagnet  (FM)  in  contact  with  an 
antiferromagnet  (AFM)  a  shift  of  the  hysteresis  loop  along  the  magnetic  field  axis  can 
occur  which  is  called  exchange  bias  (EB).  Often,  this  shift  is  observed  after  cooling  the 
entire  system  in  an  external  magnetic  field  below  the  N6el  temperature  Tn  of  the  AFM. 
Although  EB  is  well  known  since  many  years[l,  2]  its  microscopic  origin  is  still  discussed 
controversially.  For  a  review  of  the  vast  literature  on  EB  the  reader  is  referred  to  an  article 
by  Nogu4s  and  Schuller  [3]. 

In  the  approach  of  Malozemoff  [4,  5,  6]  EB  is  attributed  to  the  formation  of  domain 
walls  in  the  AFM,  perpendicular  to  the  FM/AFM  interface  due  to  interface  roughness. 
These  domain  walls  are  supposed  to  occur  during  cooling  in  the  presence  of  the  magnetized 
FM  and  to  carry  a  small  net  magnetization  at  the  FM/AFM  interface.  This  interface 
magnetization  is  furthermore  supposed  to  be  stable  during  the  reversal  of  the  FM, 
consequently  shifting  the  hysteresis  loop.  However,  the  formation  of  domain  walls  in  the 
AFM  only  due  to  interface  roughness  is  energetically  unfavorable  and  its  occurrence  and 
stability  has  never  been  proven. 

Because  of  these  difficulties  other  approaches  have  been  developed.  In  a  model 
introduced  by  Koon  [7]  EB  is  obtained  through  a  mechanism  in  which  a  domain  wall  forms 
in  the  AFM  parallel  to  the  interface  while  the  magnetization  of  the  FM  rotates.  This 
mechanism  has  been  proposed  earlier  by  Mauri  et  al.  [8].  Nevertheless  it  was  shown  by 
Schulthess  and  Butler  [9,  10]  that  in  this  model  EB  vanishes  if  the  motion  of  the  spins  in 
the  AFM  is  not  restricted  to  a  plane  parallel  to  the  film  as  was  done  in  Koon’s  work.  To 
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obtain  EB  Schulthess  and  Butler  assumed  uncompensated  AFM  spins  at  the  interface. 
However,  their  occurrence  and  stability  during  a  magnetic  hysteresis  loop  is  not  explained , 
neither  in  their  model  nor  in  other  models  [11,  12]  although  uncompensated  AFM  spins 
were  observed  experimentally  [13,  14]. 

In  a  recent  experiment  Miltenyi  et  al.  [15]  showed  that  it  is  possible  to  strongly 
influence  EB  in  Co/CoO  bilayers  by  diluting  the  antiferromagnetic  CoO  layer,  i.  e.  by 
inserting  non-magnetic  substitutions  (Co1_3:Mga;0)  or  defects  (Coi_yO)  not  at  the 
FM/AFM  interface,  but  rather  throughout  the  volume  part  of  the  AFM.  In  the  same  letter 
in  was  shown  that  a  corresponding  theoretical  model,  the  domain  state  model,  investigated 
by  Monte  Carlo  simulations  shows  a  behavior  very  similar  to  the  experimental  results.  It 
was  argued  that  EB  has  its  origin  in  a  domain  state  (DS)  in  the  AFM  which  triggers  the 
spin  arrangement  and  the  FM/AFM  exchange  interaction  at  the  interface.  Later  it  was 
shown  that  a  variety  of  experimental  facts  associated  with  EB  can  be  explained  within  this 
DS  model  [16,  17,  18,  19,  20]. 

The  importance  of  defects  for  the  EB  effect  is  also  confirmed  by  recent  experiments  on 
FeIZni_a;F2/Co  bilayers  [21]  and  by  experiments  [22,  23]  where  it  was  shown  that  it  is 
possible  to  modify  EB  by  means  of  irradiating  an  FeNi/FeMn  system  by  He  ions  in 
presence  of  a  magnetic  field.  Depending  on  the  dose  of  the  irradiation  and  the  magnetic 
field  present  at  the  time  of  irradiation,  it  was  possible  to  manipulate  both  the  magnitude 
and  even  the  direction  of  the  EB  field.  Further  support  for  the  relevance  of  domains  in  EB 
systems  is  given  by  a  direct  spectroscopic  observation  of  AFM  domains  [24,  25]. 


DOMAIN  STATE  MODEL 

The  domain  state  model  [15]  for  EB  consists  of  £Fm  monolayers  of  FM  and  £afm 
monolayers  of  diluted  AFM.  The  FM  is  exchange  coupled  to  the  topmost  layer  of  the 
AFM.  The  geometry  of  the  model  is  sketched  in  Fig.  1  for  tFM  -  1  and  tA FM  =  3. 


Figure  1:  Sketch  of  the  DS  model  with  one  FM  layer  and  three  diluted  AFM  layers.  The 
dots  mark  defects.  The  easy  axis  of  both,  FM  and  AFM  is  the  z  -  axis. 

The  system  is  described  by  a  classical  Heisenberg  model  with  nearest  neighbor 
exchange  on  a  simple  cubic  lattice  with  exchange  constants  JF M  and  Jafm  f or  the  FM  and 
the  AFM  respectively,  while  Jint  stands  for  the  exchange  constant  between  FM  and  AFM. 
For  the  nearest  neighbor-exchange  constant  Jafm  of  the  AFM  which  mainly  determines  its 

\ 
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Neel  temperature  we  set  Jafm  =  —  Jfm/2.  For  simplicity,  we  assume  the  same  value  for  the 
interface  coupling,  but  with  positive  sign  (JjNT  =  —  Jafm)-  Also,  we  assume  that  the  values 
of  the  magnetic  moments  of  FM  and  AFM  are  identical  (included  in  the  magnetic  field 
energy  B).  The  Hamiltonian  of  our  system  is  thus, 

n  =  -Jfm£3-3-£(<^  +  <44  +  3-3) 

(*d)  * 

-Jafm  £  e‘e^  (*,<*?  +  of  •  ^) 

(*j)  ' 

—  JlNT  CO 

(*J> 


where  5*  denote  normalized  spins  at  sites  of  the  FM  layer  and  of  denote  normalized  spins 
at  sites  of  the  AFM. 

The  first  line  of  the  Hamiltonian  describes  the  energy  of  the  FM  with  the  2-axis  as  its 
easy  axis  (anisotropy  constant  dz  =  0.02  Jfm)-  dz  sets  the  Stoner- Wohlfarth  limit  of  the 
coercive  field,  i.  e.,  the  zero  temperature  limit  for  magnetization  reversal  by  coherent 
rotation  (Bc  =  2dZJ  in  our  units,  for  a  field  parallel  to  the  easy  axis).  The  dipolar 
interaction  is  approximated  by  an  additional  anisotropy  term  (anisotropy  constant 
dx  =  — O.IJfm)  which  includes  the  shape  anisotropy,  leading  to  a  magnetization  which  is 
preferentially  in  the  y  —  2-plane.  We  checked,  however,  that  its  value  does  not  influence  our 
results,  as  far  as  the  EB  is  concerned.  The  second  line  is  the  contribution  from  the  AFM 
also  having  its  easy  axis  along  2  direction.  The  AFM  is  diluted,  i.  e.,  a  fraction  p  of  sites  is 
left  without  a  magnetic  moment  (e*  =  0)  while  the  other  sites  carry  a  moment  (e*  =  1). 

The  last  term  describes  the  interaction  of  the  FM  with  the  interface  AFM  monolayer. 

Eq.  1  suggests  a  simple  ground  state  argument  for  the  strength  of  the  bias  field. 
Assuming  that  all  spins  in  the  FM  remain  parallel  during  field  reversal  and  that  some  net 
magnetization  of  the  interface  layer  of  the  AFM  remains  constant  during  the  reversal  of  the 
FM  a  simple  calculation  gives  the  usual  estimate  for  the  bias  field, 


^FM^EB  =  JlNT^INT}  (2) 

where  jtiint  is  that  stable  part  of  the  interface  magnetization  of  the  AFM  (per  spin)  which 
is  responsible  for  the  EB.  For  an  ideal  uncompensated  and  totally  stable  interface  one 
would  expect  miNT  =  1.  As  is  well  known,  this  estimate  leads  to  a  much  too  high  bias  field, 
while  for  an  ideal  compensated  interface,  on  the  other  hand,  one  would  expect  miNT  —  0 
and,  hence,  Beb  =  0.  Experimentally,  however,  often  there  is  on  the  one  hand  no  big 
difference  between  compensated  and  uncompensated  interfaces  and  on  the  other  hand  it  is 
found  that  Beb  is  much  smaller  than  JintAfmj  rather  of  the  order  of  a  few  percent  of  it. 
The  solution  of  this  puzzle  is  that  m^T  is  neither  constant  during  field  reversal  nor  is  it  a 
simple  known  quantity  [19,  18]  and  we  will  discuss  this  in  detail  in  the  following. 
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RESULTS 


Monte  Carlo  methods  are  used  with  a  heat-bath  algorithm  and  single-spin  flip 
dynamics  [26]  for  the  simulation  of  the  model  explained  above.  The  trial  step  of  the  spin 
update  consists  of  two  steps:  first  it  is  a  small  variation  within  a  cone  around  the  initial 
spin  direction,  followed,  second,  by  a  total  spin  flip.  This  twofold  spin  update  is  ergodic 
and  symmetric  [27]  and  can  take  care  of  a  broad  range  of  anisotropies,  from  very  soft  spins 
up  to  the  high  anisotropy  (Ising)  limit.  We  perform  up  to  40000  Monte  Carlo  steps  (MCS) 
for  a  complete  hysteresis  loop. 

To  observe  the  domain  structure  of  the  AFM  we  have  to  guarantee  that  typical  length 
scales  of  the  domain  structure  fit  into  our  system.  In  the  following  we  show  results  for 
systems  of  lateral  extension  Lx  L  with  L  =  64  or  128  and  a  thickness  of  iFM  -  1  and  tA  FM 
ranging  from  3  to  9.  We  use  periodical  boundary  conditions  within  the  film  plane  and  open 
boundary  conditions  perpendicular  to  it. 

The  main  quantities  which  we  monitor  are  the  thermal  averages  of  the  2-component  of 
the  magnetic  moment  for  each  individual  monolayer  normalized  to  the  magnetic  moment  of 
the  saturated  monolayer.  In  our  simulations  the  system  is  cooled  from  above  to  below  the 
ordering  temperature  of  the  AFM.  During  cooling  the  FM  is  initially  magnetized  along  the 
easy  2  axis  resulting  in  a  nearly  constant  exchange  field  for  the  AFM  monolayer  at  the 
interface.  Also,  the  system  is  cooled  in  the  presence  of  an  external  magnetic  field,  the 
cooling  field.  In  addition  to  the  exchange  field  from  the  ordered  FM  this  field  acts  also  on 
the  AFM.  When  the  desired  final  temperature  is  reached  a  magnetic  field  along  the  easy 
axis  is  applied  and  reduced  in  small  steps  down  to  a  certain  minimum  value  and  afterwards 
raised  again  up  to  the  initial  value.  This  corresponds  to  one  cycle  of  the  hysteresis  loop. 

Typical  hysteresis  loops  are  depicted  in  Fig.  2.  Shown  are  results  for  the 
magnetization  of  the  FM  (upper  figure)  as  well  as  that  of  the  AFM  interface  monolayer 
(lower  figure).  An  EB  is  observed  clearly  and  we  determine  the  corresponding  EB  field  as 
Beb  —  (B+  +  B  )/2  where  and  B  are  those  fields  of  the  hysteresis  loop  branches  for 
increasing  and  decreasing  field,  where  the  easy  axis  component  of  the  magnetization  of  the 
FM  becomes  zero. 

An  analysis  of  the  magnetization  curve  of  the  interface  layer  gives  an  interesting 
insight  into  the  nature  of  EB.  After  the  field  cooling  procedure  the  AFM  interface  carries  a 
magnetization  (mi).  A  part  of  this  AFM  interface  magnetization  is  stable  during  hysteresis 
and  leads  to  the  fact  that  the  magnetization  curve  of  the  interface  layer  of  the  AFM  is 
shifted  upwards.  This  irreversible  part  of  the  interface  magnetization  of  the  AFM  acts  as 
an  additional  effective  field  on  the  FM,  resulting  in  EB.  Note  that  the  interface 
magnetization  of  the  AFM  also  displays  hysteresis,  following  the  exchange  coupling  to  the 
FM.  This  means  that  the  whole  interface  magnetization  of  the  AFM  consists  of  a  reversible 
part  leading  to  an  enhanced  coercivity  and  an  irreversible  part  leading  to  EB. 

In  experiments  usually  the  magnetization  of  the  whole  FM/AFM  bilayer  is  measured. 
The  corresponding  sample  magnetization  loop  might  not  only  be  shifted  horizontally  but 
also  vertically.  The  vertical  shift  contains  contributions  from  the  volume  part  of  the  AFM 
as  well  as  from  its  interface.  The  volume  magnetization  of  the  AFM  is  induced  by  the 
cooling  field  and  hence  not  shifted  when  the  cooling  field  is  zero  and  shifted  upwards  when 
it  is  finite.  The  interface  contribution  depends  on  the  sign  of  the  interface  coupling  and 
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Figure  2:  Simulated  hysteresis  loops  of  the  DS  model  as  explained  in  the  text.  Dilution  p  = 
0.4,  kBT  =  O.IJfmj  positive  interface  coupling,  Jint  —  |  JafmI*  AFM  anisotropy  kz  —  JFm/2. 
The  cooling  field  was  Bc  =  0.25Jint-  Shown  is  the  magnetic  moment  of  the  FM  and  the 
interface  monolayer  of  the  AFM  (normalized  to  its  saturation  value.) 
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Figure  3:  Snapshot  of  a  spin  configuration  in  a  small  portion  of  the  interface  monolayer 
of  the  AFM  after  field  cooling  ( Bc  —  0.25Jfm)-  The  color  coding  distinguishes  different 
AFM  domains.  The  circles  mark  sources  of  magnetization.  The  external  field  and  the  FM 
magnetization  are  pointing  up. 

may  be  positive,  as  in  our  calculation,  or  even  negative  for  negative  interface  coupling  (see 
also  [28,  19,  18]). 

With  the  following  two  sketches  we  want  to  illustrate  on  a  more  microscopic  basis 
where  the  interface  magnetization  of  the  AFM  and  its  partitioning  in  reversible  and 
irreversible  parts  comes  from.  Figure  3  shows  spin  configurations  in  a  small  portion  of  the 
interface  monolayer  of  the  AFM  after  field  cooling.  The  simulated  system  size  is 
64  x  64  x  10  with  only  one  FM  monolayer.  For  simplicity,  this  simulation  was  performed  in 
the  Ising  limit  for  the  AFM  ( kz  — ►  oo).  The  dilution  p  of  the  AFM  is  50  %,  nevertheless  the 
spins  are  much  more  connected  than  it  appears  from  the  sketch  via  the  third  dimension. 

Obviously,  the  AFM  is  in  a  domain  state.  The  reason  for  the  domain  formation  and, 
consequently,  for  the  lack  of  long-range  order  is  the  interface  magnetization  which  couples 
to  the  exchange  field  coming  from  the  FM  and  the  external  field  (both  pointing  up) 
lowering  the  energy  of  the  system.  The  interface  magnetization  follows  from  two 
contributions.  Examples  for  both  are  indicated  via  the  circles. 
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Figure  4:  Snapshot  of  the  same  portion  of  the  AFM  interface  monolayer  after  reversal  of 
the  FM  ( B  =  —  0.25  Jint)-  The  circles  mark  once  again  sources  of  magnetization  where  the 
domain  wall  magnetization  is  reversed  while  the  volume  magnetization  is  unchanged.  The 
external  field  and  the  FM  magnetization  are  now  pointing  down. 

One  contribution  comes  from  parallel  spin  pairs  in  the  domain  walls,  all  pointing  up  in 
our  example,  i.  e.  into  the  direction  of  the  exchange  field  of  the  FM  and  the  external  field. 
We  will  call  this  part  in  the  following  domain  wall  magnetization.  A  second  contribution 
comes  from  an  imbalance  of  the  number  of  defects  of  the  two  antiferromagnetic  sublattices. 
We  will  call  this  contribution  in  the  following  volume  magnetization.  The  imbalance  of  the 
number  of  defects  of  the  two  antiferromagnetic  sublattices  also  leads  to  a  net 
magnetization  within  a  domain  which  couples  to  the  exchange  field  of  the  FM  and  the 
external  field.  The  reason  for  the  imbalance  is  that  the  domain  structure  is  not  random. 
Rather,  it  is  an  optimized  structure  arising  during  the  initial  cooling  procedure  with  as 
much  magnetization  as  possible  coupling  to  the  exchange  field  of  the  FM  and  the  external 
field,  following  the  energy  minimization  principle. 

However,  an  AFM  interface  magnetization  alone  cannot  lead  to  EB.  Only  the 
irreversible  part  of  it  (during  hysteresis)  may  lead  to  EB.  Figure  4  shows  for  comparison 
spin  configurations  in  the  same  portion  of  the  interface  monolayer  of  the  AFM  after 


19 


7 


reversal  of  the  FM.  Clearly,  the  bigger  parts  of  the  domain  structure  did  not  change  during 
reversal  of  the  FM.  However,  there  are  rearrangements  on  smaller  length  scales,  leading 
mainly  to  the  fact  that  the  domain  wall  magnetization  changes  its  sign.  In  Figure  4  all  of 
the  spin  pairs  within  domain  walls  are  pointing  down  following  the  reversed  FM  and  the 
external  field. 

However,  the  volume  magnetization  coming  from  the  defects  remains  frozen.  The 
stability  of  the  domain  structure  stems  from  the  fact  that  the  domain  walls  are  pinned  at 
defects  sites  as  well  as  between  pairs  of  spins  which  are  aligned  with  the  field.  Hence, 
during  a  movement  of  the  domain  wall  energy  barriers  may  have  to  be  overcome  by 
thermal  activation.  This  explains  why  a  large  domain  in  general  will  stay  in  a  metastable 
state  on  exponentially  long  time  scales,  while  rearrangements  on  a  shorter  length  scale  are 
possible,  of  course  depending  on  the  temperature  and  the  material  parameters  of  the  AFM. 

Many  of  the  essential  properties  of  diluted  AFMs,  the  occurrence  of  domain  states, 
metastability,  remanent  magnetization  and  slow  relaxation,  among  others,  have  been 
investigated  before,  even  though  not  in  the  context  of  EB  (for  reviews  on  diluted  AFMs  see 
[29,  30],  for  a  detailed  discussion  of  the  connection  between  diluted  AFMs  and  EB  systems 
see  [18]). 

An  important  property  of  diluted  AFMs  is  the  slow  relaxation  of  the  remanent 
magnetization,  i.  e.,  the  magnetization  obtained  after  switching  off  the  cooling  field.  Here 
it  is  known  that  the  remanent  magnetization  of  the  DS  relaxes  non-exponentially  on 
extremely  long  time  scales  after  the  field  is  switched  off  [31,  32,  33]  or  even  within  the 
applied  field  [34,  35,  36].  In  the  DS  model  EB  is  related  to  this  remanent  magnetization. 
This  implies  a  decrease  of  EB  due  to  slow  relaxation  of  the  AFM  DS.  Especially,  the  reason 
for  the  so-called  training  effect  can  be  understood  from  Figs.  2,  where  it  is  shown  that  the 
hysteresis  loop  of  the  AFM  interface  layer  is  not  closed  on  the  right  hand  side.  This  implies 
that  the  DS  magnetization  is  lost  partly  during  the  hysteresis  loop  due  to  a  rearrangement 
of  the  AFM  domain  structure.  This  loss  of  magnetization  clearly  leads  to  a  reduction  of 
the  EB  for  the  next  loop. 

CONCLUSIONS 

It  was  shown  both,  experimentally  [15,  19]  and  by  Monte  Carlo  simulations  [15,  18], 
that  diluting  the  AFM  in  the  volume  part  away  from  the  FM/AFM  interface  significantly 
enhances  EB.  This  dilution  supports  the  formation  of  domains  in  the  volume  of  the  AFM 
which  carry  magnetization.  The  DS  of  the  AFM  is  to  some  extent  frozen  during  hysteresis 
and  this  irreversible  part  of  the  DS  magnetization  at  the  AFM  interface  leads  to  EB. 

In  the  domain  state  model,  domain  formation  is  crucial  for  the  existence  of  EB. 
Without  domain  formation  there  would  be  no  EB  for  compensated  and  a  much  too  high 
EB  for  uncompensated  interfaces.  Defects  in  the  AFM  favor  domain  formation  and  thus 
make  the  distinction  between  compensated  and  uncompensated  interfaces  to  a  large  extent 
obsolete.  Also,  it  should  be  noted  that  the  occurrence  of  a  DS  with  an  irreversible  surplus 
magnetization  is  not  restricted  to  diluted  AFMs,  Spin  glasses,  for  instance,  show  similar 
features  and  it  is  known  that  the  EB  effect  occurs  also  in  compounds  of  FM  and  spin  glass 
[3].  In  these  systems  we  believe  the  same  mechanism  leading  to  EB  in  our  DS  model  is  also 
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at  work. 

Important  features  of  EB  systems  found  experimentally  [19]  have  their  counterpart  in 
the  simulations  [18],  such  as  the  order  of  magnitude  of  EB  fields,  the  shape  of  hysteresis 
curves,  the  dilution  dependence  of  EB,  its  temperature  dependence,  the  training  effect,  and 
the  occurrence  of  positive  EB.  The  dependence  of  EB  on  thickness  of  the  AFM  is  further 
discussed  in  [16],  the  dependence  on  the  anisotropy  of  the  AFM  in  [17]. 

Recent  experiments  [22,  23]  which  showed  that  EB  can  be  modified  by  means  of  ion 
irradiating,  i.  e.,  by  inducing  defects  in  the  bulk  of  the  AFM  underline  the  importance  of 
defects  for  the  understanding  of  EB.  The  DS  model  for  EB  in  which  the  ion  irradiation  is 
modeled  as  a  second  dilution  of  the  AFM  after  the  initial  cooling  procedure  explains  the 
experimental  facts  in  terms  of  domain  rearrangements  caused  by  diluting  the  system  within 
an  applied  field  [20]. 

In  conclusion,  our  simulations  strongly  suggest  that  the  existence  of  a  DS  in  the  AFM 
enhanced  by  defects  or  any  other  mechanism  reducing  the  energy  necessary  to  form 
domains  in  the  volume  part  of  the  AFM,  is  a  common  feature  of  FM/AFM  compounds 
showing  a  significant  EB. 
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ABSTRACT 

Exchange  bias  and  training  effect  are  simulated  for  IrMn/NiFe  bilayers.  As  a  function  of  the 
thickness  of  the  antiferromagnet  the  bias  field  shows  a  maximum  for  a  thickness  of  22  nm.  For 
decreasing  antiferromagnetic  thickness  the  domain  wall  energy  approaches  zero.  For  large 
thicknesses  the  high  anisotropy  energy  hinders  switching  of  the  antiferromagnetic  grains 
resulting  in  weak  bias.  Starting  from  the  field  cooled  state  as  initial  configuration  a  bias  field  of 
about  8  mT  is  obtained  assuming  a  antiferromagnetic  layer  thickness  of  20  nm,  a  ferromagnetic 
layer  thickness  of  10  nm,  and  a  grain  size  of  10  nm.  The  next  hysteresis  cycle  shows  a  reduction 
of  the  bias  field  by  about  65%.  Exchange  bias  and  training  effect  in  fully  compensated 
antiferromagnet/ferromagnet  bilayers  are  explained  with  a  simple  micromagnetic  model.  The 
model  assumes  no  defects  except  for  grain  boundaries,  and  coupling  is  due  to  spin  flop  at  a 
perfect  interface.  The  simulations  show  that  a  weak  exchange  interaction  between  randomly 
oriented  antiferromagnetic  grains  and  spin  flop  coupling  at  a  perfectly  compensated  interface  are 
sufficient  to  support  exchange  bias. 

INTRODUCTION 

The  phenomena  of  exchange  anisotropy  and  exchange  bias,  particularly,  were  discovered  in 
the  year  1956  by  Meiklejohn  and  Bean  [1]  when  studying  Co  particles  surrounded  with  antiferro¬ 
magnetic  oxide  (CoO).  They  found  that  the  field  required  to  switch  the  ferromagnet  from  the 
field  cooled  state  into  the  reversed  state  is  larger  than  that  to  rotate  the  ferromagnet  back  to  its 
original  direction.  Since  the  introduction  of  the  Giant  Magnetic  Resistance  (GMR)  head  in 
magnetic  recording  [2]  the  bias  effect  has  been  used  widely  in  modem  technology.  The  pinned 
layer  of  a  spin  valve  sensor  is  stabilized  through  coupling  to  an  antiferromagnet.  A  common 
system  used  in  GMR  reading  heads  are  IrMn/NiFe  bilayers  [3].  Despite  the  application  of 
exhange  bias  in  magnetic  field  sensors,  the  physical  mechanisms  that  lead  to  the  hysteresis  shift 
are  still  a  field  of  discussion.  Various  theories  explain  particular  aspects  of  the  bias  effect  [4]. 
Nevertheless  many  issues  remain  to  be  solved  [5].  One  of  the  most  striking  experimental  facts  is 
the  presence  of  exchange  bias  at  fully  compensated  antiferromagnetic  (AF)  interfaces  [6,71  in 
which  the  net  spin  averaged  over  a  microscopic  length  scale  is  zero.  Intuitively,  one  might  expect 
that  for  compensated  interfaces  the  bias  effect  vanishes,  as  the  spins  pinning  the  ferromagnetic 
cancel.  Therefore  various  models  of  exchange  bias  assume  partly  uncompensated  interfaces  [4]. 

In  this  paper  we  propose  a  mechanism  for  exchange  bias  at  fully  compensated  interfaces. 

The  numerical  results  obtained  for  IrMn/NiFe  bilayers  are  compared  with  experimental  data 
from  the  recent  literature  [8,9].  The  simulations  on  a  mesoscopic  length  scale  show  that  a  weak 
exchange  interaction  between  randomly  oriented  AF  grains  and  spin  flop  coupling  at  a  perfectly 
compensated  interface  are  sufficient  to  support  exchange  bias. 
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Originally,  Koon  [10]  proposed  a  mechanism  for  exchange  bias  at  fully  compensated 
interfaces.  Using  an  atomistic  model  Koon  showed  that  a  fully  compensated  antiferromagnetic 
interface  will  lead  to  a  90°  coupling  between  the  antiferromagnet  and  the  ferromagnet.  Indeed 
90°  coupling  has  been  observed  experimentally  [6,7].  In  Koon’s  model  a  weak  canting  of  the 
antiferromagnetic  spins  close  to  the  interface  provide  a  small  net  magnetic  moment  parallel  to 
the  ferromagnetic  magnetization  direction.  The  antiferromagnet  near  the  interface  thus  aligns 
perpendicular  to  the  ferromagnet  (spin  flop  coupling).  Under  the  assumption  that  the 
antiferromagnetic  spins  are  restricted  to  planes  parallel  to  the  interface,  Koon  was  able  to  predict 
exchange  bias.  The  loop  shift  can  be  attributed  to  partial  domain  walls  wound  up  in  the 
antiferromagnet.  Allowing  full  three  dimensional  rotations  of  the  antiferromagnetic  spins, 
Schulthess  and  Butler  [11]  showed  that  the  domain  walls  are  unstable  due  to  out  of  plane 
rotations  of  the  antiferromagnetic  spins.  They  conclude  that  spin  flop  coupling  at  compensated 
interfaces  enhances  the  coercivity  but  does  not  lead  to  exchange  bias.  Stiles  and  McMichael  [12] 
drew  a  similar  conclusion  introducing  spin  flop  coupling  in  their  model  for  polycrystalline 
ferromagnetic-antiferromagnetic  bilayers. 

Nowak  and  co-workers  [13]  proposed  the  so-called  domain  state  model  for  exchange  bias. 

In  their  model  the  antiferromagnet  breaks  up  into  magnetic  domains  due  to  domain  wall  pinning 
at  random  defects.  The  domains  may  carry  a  remanent  surplus  magnetization.  This  small  net 
magnetic  moment  provides  coupling  across  the  interface.  The  authors  find  a  bias  shift  for 
directions  parallel  to  the  antiferromagnetic  anisotropy  axis  for  spins  in  a  single  crystal  lattice. 

In  our  model  we  assume  a  perfectly  compensated  interface.  The  antiferromagnet  is  not  a 
single  crystal  but  a  collection  of  grains  with  randomly  oriented  anisotropy  direction.  In  contrast 
to  the  model  of  Stiles  and  McMichael  [12]  we  assume  weak  exchange  coupling  between  the 
grains.  Using  a  finite  element  simulation  with  subgrain  discretization,  Suess  and  co- workers  [14] 
showed  that  a  perfectly  compensated  interface  will  lead  to  spin  flop  coupling  which  in  turn 
causes  exchange  bias.  Weak  exchange  interactions  between  the  AF  grains  were  essential:  (1) 
They  partly  suppress  out  of  plane  rotations  of  the  antiferromagnetic  moments  and  (2)  provide  the 
wall  energy  between  lateral  antiferromagnetic  domains.  The  simulation  show  that  the  reversal  of 
the  ferromagnet  causes  the  formation  of  domains  within  the  antiferromagnet:  Some  of  the  AF 
grains  switch  irreversibly  when  the  ferromagnet  reverses,  whereas  another  part  of  the  AF  grains 
remain  stable.  After  reversal  of  the  ferromagnet  the  system  stores  energy  in  antiferromagnetic 
domain  walls  perpendicular  to  the  interface,  which  in  turn  gives  rise  to  the  observed  loop  shift. 
The  finite  element  approach  showed  that  the  magnetization  configurations  in  the  AF  grains 
remain  almost  uniform  during  the  reversal  of  the  ferromagnet.  Therefore,  a  granular  model 
where  the  magnetization  is  actually  uniform  within  the  AF  grains  should  yield  very  similar 
results  but  allows  to  simulate  larger  systems  with  the  great  advantage  of  avoiding  possible  finite 
size  effects. 

INTERACTING  GRAIN  MODEL 

Let  us  consider  a  thin  ferromagnetic  film  spin  flop  coupled  to  a  polycrystalline 
antiferromagnet  with  randomly  oriented  easy  axes.  The  magnetization  configuration  within  the 
AF  grains  are  assumed  to  be  uniform.  This  is  a  good  approximation  for  small  grain  sizes  and  low 
intergrain  exchange  coupling  within  the  antiferromagnet.  Due  to  the  spin  flop  coupling  the 
antiferromagnetic  spins  are  not  fully  antiparallel  near  the  interface.  Since  the  deviation  is  small 
and  relaxes  very  rapidly  to  the  spin  structure  of  the  bulk  we  neglect  the  tilting  of  the  spins.  Thus, 
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for  the  simplest  case  of  two  sublattices  the  magnetic  state  of  each  AF  grain  can  be  described  by 
a  single  vector  of  one  sublattice.  The  magnetization  vector  of  the  other  sublattice  points  exactly 
antiparallel.  This  means  that  as  long  as  the  applied  field  is  not  larger  than  the  antiferromagnetic 
exchange,  as  is  the  case  in  most  experiments,  magnetic  surface  and  volume  charges  cancel  in  the 
antiferromagnet.  Any  remaining  contributions  to  magnetostatic  energy  for  individual  magnetic 
sublattices  in  the  antiferromagnet  can  be  taken  into  account  through  the  anisotropy  constant,  K\. 
Shape  effects  for  the  ferromagnetic  film  are  approximated  with  an  in  plane  anisotropy  energy  in 
the  ferromagnet. 

The  interacting  grain  model  takes  into  account  the  intergrain  exchange  energy,  the  spin  flop 
coupling  energy  [12,15],  the  anisotropy  energy  in  the  antiferromagnet,  the  demagnetization 
energy  of  the  ferromagnet,  and  the  Zeeman  energy  in  an  external  field.  The  total  energy  of  the 
ferromagnet  (F)  /  antiferromagnet  (AF)  bilayer  system  per  grain  j  is 

nFtpl{pF  Up)—  J AFS  Waf*af^(uaf  *u^F)] 

i=i 

Mo 

The  sum  over  i  is  carried  out  only  over  the  nearest  neighbor  grains  in  the  antiferromagnet 
and  ferromagnet,  respectively.  Here  u  is  the  unit  of  the  magnetization,  J  is  the  exchange  integral, 
S  is  the  average  total  spin  quantum  number,  k  is  the  a  unit  vector  parallel  to  the  uniaxial 
anisotropy  axis,  t  is  the  layer  thickness,  /  is  the  grain  size,  H  is  the  external  field,  and/s  is  the 
spontaneous  magnetic  polarization  of  the  ferromagnet.  The  indices  AF,  F,  and  AF-F  (or  I)  denote 
the  antiferromagnet,  the  ferromagnet,  and  the  antiferromagnetic/ferromagnetic  interface, 
respectively.  For  simple  cubic  lattices  with  lattice  constant  a  we  find  for  the  number  of  spins  per 
unit  area:  /zF  =  haf  =  «i  =  l/a2  and  for  the  spontaneous  polarization  /s  =  pogp&S/tf3.  Here  pB  is  the 
Bohr  magneton  and  g  is  the  Land6  factor. 

Calculations  are  performed  by  first  choosing  the  magnetocrystalline  anisotropy  axes  of  the 
AF  grains  randomly  in  space  and  then  initializing  the  system  by  simulating  field  cooling. 
Afterwards,  the  evolution  of  the  magnetization  configuration  with  changing  external  field  is 
investigated.  A  Metropolis  Monte  Carlo  algorithm  similar  to  that  introduced  by  Hinzke  and 
Nowak  [16]  is  used  to  simulate  field  cooling.  The  hysteresis  loops  are  calculated  quasistatically: 
An  equilibrium  configuration  is  obtained  by  the  numerical  integration  of  the  Landau-Lifshitz 
Gilbert  equation  at  value  of  the  external  field.  The  field  step  was  2  mT, 

RESULTS  AND  DISCUSSION 

Experimentally,  the  exchange  bias  field  is  inversely  proportional  to  ferromagnetic  layer 
thickness,  t f.  This  relation  breaks  down  for  small  rF  [5].  The  thickness  of  the  antiferromagnetic 
film  has  to  exceed  a  certain  critical  thickness  to  find  exchange  bias.  Hcb  decreases  abruptly  for 
small  (af-  For  large  antiferromagnetic  thickness  two  different  effects  are  found.  In  most  systems 
the  bias  field  remains  constant  for  fAF  >  20  nm.  However,  in  some  systems  the  thickness  of  Hcb  is 
reduced  for  large  ?af-  In  addition  in  some  systems,  as  ?af  is  reduced,  Hcb(t af)  shows  a  pronounced 


27 


peak  before  the  main  decrease  [5],  Van  Driel  and  co-workers  [9]  measured  the  dependence  of 
//eb  on  antiferromagnetic  layer  for  textured  and  randomly  oriented  IrMn/Ni  bilayers.  They  found 
that  the  maximum  of  the  peak  is  shifted  towards  smaller  tA¥  in  the  <  1 1 1>  textured  film. 

In  the  following  we  present  the  results  for  the  thickness  dependence  of  the  exchange  bias 
field  for  IrMn/NiFe  bilayers.  In  addition  we  compare  the  computed  magnetization  structure  in 
the  ferromagnet  with  magnetic  images  obtained  by  transmission  electron  microscopy  [8].  IrMn 
for  exchange  biased  bilayer  systems  is  used  in  the  disordered  fee  (y)  phase.  The  average  spins  on 
each  (002)  plane  are  aligned  parallel  along  the  c-axis  with  alternating  signs  on  neighboring  (002) 
planes  [4].  In  terms  of  magnetic  anisotropies,  a  <1 1 1>  texture  corresponds  to  an  average  angle  of 
54.74°  between  the  easy  axes  and  die  interface  normal.  We  calculated  Heh(tAv)  for  randomly 
oriented  IrMn  grains  and  for  <1 1 1>  textured  films  assuming  a  Gaussian  distribution  of  the 
magnetocrystalline  anisotropy  direction  with  a  standard  deviation  of  20°.  The  material 
parameters  used  for  the  simulations  were  J¥  =  0.43  meV,  JAF  =  0.023  meV,  /af-F  =  0.043  meV, 

/sTi  =  105  J/m3,  /  =  10  nm,  and  Js  =  1  T. 

Figure  1  gives  the  calculated  dependence  of  the  bias  field  and  of  the  coercivity  on  the 
ferromagnetic  layer  thickness  and  shows  the  influence  of  texture  on  //Cb(tAp).  The  bias  field  is 
proportional  to  l/t¥  as  long  as  t¥  >  lOnm.  The  bias  field  as  a  function  of  ?af  shows  a  maximum. 
The  maximum  bias  field  of  about  9mT  is  reached  for  *af  between  20  nm  and  30  nm  for  the 
randomly  oriented  bilayer.  The  maximum  is  shifted  towards  15  nm  for  the  <1 1 1>  textured 
IrMn/NiFe  bilayer.  Detailed  investigations  showed  that  there  is  a  clear  correlation  between  the 
number  of  switched  AF  grains  and  the  bias  field.  As  the  ferromagnet  is  reversed  a  small  fraction 
of  the  AF  grains  switches  irreversible.  The  large  antiferromagnetic  domains  which  a  formed 
during  field  cooling  break  up  into  smaller  domains.  The  reversed  state  stores  some  additional 
domain  wall  energy  which  in  turn  leads  to  exchange  bias.  The  wall  energy  depends  on  the 
pattern  of  switched  AF  grains.  The  bias  field  was  found  to  be  proportional  to  the  ratio  C/Cmax, 
where  C  is  the  circumference  of  the  pattern  of  switched  AF  grains  and  is  the  maximum 
possible  circumference.  The  relation  H&  a  (C/Cm)  Jaf  holds  for  the  entire  thickness  range 
which  confirms  that  exhange  bias  is  associated  with  the  domain  wall  energy  stored  in  the  lateral 
AF  domains. 

King  and  co-workers  [8]  observed  360°  wall  loops  during  the  reversal  of  the  ferromagnet  in 
IrMn/NiFe  bilayers.  Such  loops,  once  formed,  were  remarkably  stable  and  remained  up  to  fields 
of  about  300  Oe.  Beyond  this,  the  ferromagnetic  film  appeared  saturated. 


Figure  1.  Calculated  thickness  dependence  of  the  bias  field  of  an  IrMn/NiFe  bilayer.  Left  hand 
side:  //eb  and  Hc  as  a  function  of  the  ferromagnetic  layer  thickness,  f Af  =  20  nm.  Right  hand  side: 
//eb  as  a  function  of  the  antiferromagnetic  layer  thickness,  t¥  =  10  nm  for  randomly  oriented  and 
textured  IrMn  grains. 
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Figure  2.  Calculated  hysteresis  loops  for  a  Jf  =  0.129  meV,  /af  =  0.023  meV,  /aff  =  0.043 
meV,  ATj  =  105  J/m3,  /  =  10  nm,  tF  =  10  nm,  tAF  =  20  nm  and  Js=  IT.  The  knee  in  the  hysteresis 
loop  is  due  to  the  formation  and  annihilation  of  a  360°  domain  wall  loop. 

H0H  =  -52mT 


ji0H  =  -28  mT 


To  ensure  their  annihilation  a  substantially  high  external  field  had  to  be  applied.  Repetition  of  the 
hysteresis  cycle  showed  a  similar  behavior,  but  the  locations  of  theses  loops  tended  to  vary. 

In  our  simulations  stable  360°  wall  loops  or  lines  appeared  primarily  for/F  =  0. 129  meV. 
Figure  2  shows  the  calculated  hysteresis  loops.  At  \ioH  =  40  mT  domain  walls  move  together 
and,  rather  than  annihilating,  form  a  360°  wall  loop  as  shown  in  figure  3.  This  configuration  is 
stable  due  to  the  pinning  effect  of  the  antiferromagnetic  layer,  leading  to  a  distinct  knee  in  the 
hysteresis  curve. 

In  addition  figure  2  shows  a  training  effect,  the  decrease  of  the  loop  shift  and  of  the 
coercivity  with  increasing  number  of  hysteresis  cycles.  When  the  ferromagnet  is  switched  back 
the  antiferromagnetic  domain  structure  that  was  formed  after  field  cooling  is  not  fully  recovered. 
Each  cycle  through  the  magnetization  loop  brings  the  anti  ferromagnet  closer  to  a  type  of 
dynamic  equilibrium  in  which  the  coercive  field  no  longer  changes  with  each  additional  cycle 
and  the  loop  area  remains  constant.  In  our  simulations,  this  equilibrium  appeared  after  about  four 
cycles. 
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ABSTRACT 

We  introduce  a  random  field  model  with  anisotropic  interfacial  exchange  for  ferromagnet 
/  antiferromagnet  bilayers  and  calculate  average  coupling  energies  and  coupling 
directions  for  different  grain  or  domain  sizes.  The  model  is  shown  to  reconcile 
Malozemoff’s  random  field  Ising  model  for  exchange  bias  with  the  spinflop  coupling 
mechanism.  Furthermore,  we  find  that  for  small  and  mid  size  domains,  the  average 
coupling  direction  strongly  varies  between  different  interfacial  configurations.  We  show 
how  this  behavior  can  lead  to  rotating  anisotropies  in  systems  with  very  strong 
magnetocrystalline  anisotropies,  where  the  use  of  superparamagnetic  grains  or  domains 
in  the  antiferrofmagnet  is  not  justified. 


INTRODUCTION 

The  most  frequently  discussed  effects  in  ferromagnetic  (FM)  /  antiferromagnet  (AFM) 
bilayers  is  the  shift  in  the  magnetization  curve  that  can  be  observed  when  the  system  has 
been  cooled  in  an  external  field[l  ].  The  magnitude  of  the  shift  is  inversely  proportional  to 
the  thickness  of  the  FM  layer  which  implies  that  the  effect  is  directly  related  to  the 
interfacial  exchange  between  the  FM  and  AFM  and  the  effect  is  thus  referred  to  as 
exchange  anisotropy  or  exchange  bias  [2,  3].  The  temperature  below  which  the  exchange 
bias  is  observed  is  called  blocking  temperature  (Tb),  it  is  typically  equal  or  somewhat 
smaller  than  the  Neel  temperature  (7n)  of  the  AFM.  It  is  commonly  believed  that  the  bias 
sets  in  when  the  AFM  spins  order  and  a  sufficient  number  of  domains  in  the  AFM  are 
blocked  such  that  the  AFM  spins  do  not  reverse  when  the  FM  magnetization  is  inverted 
during  the  measurement  of  the  magnetization  curve. 

In  most  cases,  hysteretic  effects  such  as  a  strong  increase  in  coercivity  are 
observed  along  with  the  onset  of  exchange  bias[4-6].  Most  models  to  explain  these 
effects  are  based  on  an  idea  of  Fulcommer  and  Charap  [7],  where,  assuming  that  the  FM 
couples  in  some  form  to  the  AFM,  magnetic  structure  of  smaller  grains  or  domains  in  the 
AFM  will  be  dragged  along  irreversibly  with  the  FM  magnetization  and  lead  to 
hysteresis,  while  the  larger  grains,  in  which  the  magnetic  order  is  locked  in,  will  lead  to 
the  bias  effect.  Stiles  and  McMichael  [8]  introduced  the  notion  of  a  rotating  anisotropy 
which  follows  the  FM  magnetization  when  the  external  field  is  rotated  and  is  attributed  to 
magnetically  “loose”  grains  in  the  AFM.  With  this  model  they  were  able  to  explain  a 
direction  independent  shift  in  the  resonance  field  of  ferromagnetic  resonance 
experiments. 
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Figure  1 :  Model  of  three  spins  where  the  F- A  part  of  the  exchange  energy  is  given  by 

+  E  D,  (sF  xSAJ). 

i=l,2  *=1,2 

While  the  concept  of  a  superparamagnetic  structure  in  smaller  grains  or  domains 
in  the  AFM  is  reasonable  for  systems  with  weak  magnetocrystalline  anisotropy  such  as 
NiO,  it  is  not  clear  why  is  should  apply  to  an  AFM  like  CoO  where  the  anisotropy  energy 
is  of  the  same  order  as  the  exchange  energy [9],  In  the  present  contribution  we  show  that 
within  the  random  field  model  a  variable  effective  coupling  direction  that  arises  from 
adjustment  of  the  walls  in  smaller  and  mid-sized  AFM  domains  will  lead  to  a  rotating 
anisotropy.  In  this  picture  most  AFM  moments  are  frozen  and  dissipative  effects  are  due 
to  irreversible  motion  of  domain  walls. 

RANDOM  FIELD  MODEL  WITH  ANISOTROPIC  EXCHANGE 

In  order  to  understand  how  the  net  coupling  direction  of  the  FM  to  an  AFM  domain  can 
vary  without  rotating  the  AFM  domains,  we  first  have  to  investigate  the  microscopic 
coupling  mechanisms  between  the  AFM  and  the  FM  moment.  For  interfaces  with 
compensated  exchange  between  the  FM  and  the  AFM,  i.e.  where  the  FM  spins  couple 
equally  to  all  AFM  sublattices [10],  the  following  two  models  are  typically  discussed  in 
the  literature[ll,  12]: 

1.  The  random  field  model  [13-15],  in  which  the  AFM  is  assumed  to  break  up  into 
domains.  The  finite  area  of  these  domains  will  result  in  a  net  interfacial  exchange 
which  scales  as  (l/  <Jn  )  if  N  is  the  number  of  AFM-FM  pairs.  In  this  model  the 
FM  and  AFM  spins  are  assumed  to  be  collinear  which  leads  to  a  change  in 
exchange  energy  A E  =  2/  /  y[~N  when  the  FM  spins  are  reversed.  The  random 
field  model  is  commonly  used  to  explain  the  net  unidirectional  coupling  between 
the  FM  and  individual  AIM  domains  (or  grains). 

2.  The  spin-flop  coupling  model  [16,  17],  which  assumes  Heisenberg  spins  and 
where  the  frustrated  exchange  across  the  interface  leads  to  a  slight  canting  to  the 
AFM  moments  and  a  net  coupling  of  the  FM  that  is  perpendicular  to  the  AFM 
easy  axis.  In  contrast  to  the  random  field  Ising  model  the  coupling  is  uniaxial  and 
does  not  lead  to  exchange  bias  [18, 19].  Furthermore,  the  coupling  strength  is 
independent  of  the  AFM  domain  /  grain  size. 

The  collinearity  required  by  the  random  field  Ising  model  is  only  justified  for  small 
domains  in  the  AFM.  For  most  realistic  domain/grain  sizes,  the  spin-flop  mechanisms 
will  dominate  [8]  leaving  the  origin  of  the  unidirectional  coupling  as  a  puzzle.  We  will 
now  show  that  spin-flop  coupling  can  have  a  unidirectional  component  when  the 
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anisotropic  Dzyaloshinsky-Moriya  (DM)  term  is  added  to  the  exchange,  i.e.  the  exchange 
energy  between  two  moments  on  sites  i  and  j  has  the  form 

Ea  =-Jii^j+Dij{sixsl).  (1) 

In  cases  where  the  crystal  structure  has  a  center  of  inversion  at  the  point  bisecting  the  line 
between  i  and  j ,  Dtj  can  be  shown  to  vanish  [20,  21].  While  this  symmetry  condition 

holds  in  most  bulk  system,  it  is  never  satisfied  at  the  AFM/FM  interface[22]  and  the  DM 
term  thus  has  to  be  included  to  properly  describe  interfacial  exchange.  The  consequence 
of  the  DM  term  is  that  the  difference  in  exchange  energy  upon  reversal  of  the  FM  spins  is 
different  from  zero  in  the  spin-flop  coupling  state.  This  is  best  illustrate  by  considering 
three  spins  (see  Figure  1),  SF ,  SA  l ,  and  SA  2 ,  in  the  spin-flop  coupling  states.  The  energy 

difference  when  SF  is  reversed  (Figures  la  and  lb)  is  A EMhg  =  2{du  +  D2  z ) . 

In  order  to  estimate  the  magnitude  of  the  unidirectional  term  in  the  case  of  a 
FM/AFM  bilayer,  we  perform  a  calculation  using  the  random  field  model  with 
anisotropic  interfacial  exchange.  We  consider  a  bilayer  with  bcc  type  lattice  and  a  (1 10) 
interface  with  nearest  neighbor  exchange  J  in  the  FM  and  -J  in  the  AFM.  In  the  AFM  we 
further  assume  uniaxial  anisotropy  along  the  (001)  direction  with  KIJ=  1.  For  the 
interfacial  exchange  we  use  Eq.  (1)  with  J-.  -  Jr  and 

Dl}  =  Dr^sintfcos^sin  i?sin^,cost?),  where  re  [-1,1] ,  re  [-1,1],  [0,#) ,  and 

(pe  [0,2;r)  are  uniform  random  variables.  These  random  fluctuations  are  usually  justified 
with  the  large  variation  of  the  interfacial  bond  lengths  that  results  from  the  large  lattice 
mismatch  between  the  FM  and  AFM  in  systems  like  CoO/Permally  or  FeF2/Fe.  The 
particular  system  we  consider  here  consists  of  5  layers  in  the  AFM  and  10  layers  in  the 
FM.  We  use  periodic  boundary  conditions  parallel  to  the  interface  with  variable  unit  cell 


Figure  2:  Energy  change  due  to  reversal  of  the  FM  spins  for  AFM-FM  bilayers  (see  text  for  details)  for 
Heisenberg  spins  with  random  anisotropic  interfacial  exchange  and  different  sizes  of  the  computational 
cell  (symbols)  compared  to  expected  result  from  the  random  field  Ising  model  (solid  line) 
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size  consisting  of  L  by  L  primitive  cells  (L  =  2, 4,  8,  16,  and  32).  The  effect  of  the 
magnetostatic  interaction  is  treated  as  an  effective  hard  axis  in  the  FM  perpendicular  to 
the  interface.  We  seek  to  calculate  AFM/FM  coupling  energies  as  a  function  of  domain 
size,  where  we  equate  the  unit  cell  size  of  our  model  to  the  domains  size.  For  this  we 
have  to  suppress  the  formation  of  further  domains  within  the  unit  cell.  We  have  therefore 
prepared  an  ordered  AFM  spin  configuration  and  randomized  FM  spins  as  an  initial 
condition  and  subsequently  minimized  the  energy  using  the  Landau  Lifshitz  equations 
(see  [19]  for  details).  When  the  energy  minimum  is  reached,  the  FM  spins  are  inverted 
and  the  energy  is  again  minimized.  For  all  but  the  smallest  unit  cells  this  procedure 
always  yields  two  distinct  states.  Their  energy  differences,  averaged  over  40  random 
configurations,  are  plotted  in  Figure  2  and  compared  to  the  result  of  the  random  field 
Ising  model.  While  the  unidirectional  anisotropy  due  to  the  DM  term  is  systematically 
smaller  than  that  of  the  random  field  Ising  model,  it  has  nevertheless  comparable  order  or 
magnitude  provided  DjJ  is  not  too  small.  Moria  [21]  estimated  DiJ  -0.1  in  bulk  AFM 
but  values  that  are  as  large  as  0.5  have  been  reported  for  systems  with  lower  symmetry 
[23]. 

EFFECTIVE  COUPLING  DIRECTION  AND  ROTATING  ANISOTROPIES 

In  the  previous  section  we  have  determined  energy  differences  averaged  over  many 
random  configurations  of  the  interfacial  exchange  interactions.  The  direction  of  the  FM 
magnetization  with  regard  to  the  AFM  easy  axis  for  each  of  these  configurations  is 
plotted  in  Figure  3.  By  choosing  appropriate  initial  conditions  for  the  minimization 
procedure  discussed  above,  the  system  can  always  be  prepared  in  a  way  that  the  global 
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Figure  3:  Average  direction  of  FM  spins  for  every  random  configuration.  The  AFM  easy  axis,  (001), 
is  taken  to  be  parallel  to  the  y-axis  of  the  plot.  In  the  case  D=0  and  L=2  (4),  80%  (50%)  of  the 
configurations  are  collinear  with  the  AFM  easy  axis. 
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energy  minimum  has  the  FM  moments  pointing  at  angle  between  0  and  90  degrees  with 
regard  to  the  AFM  easy  axis  (this  choice  of  initial  condition  corresponds  to  the  field 
cooling  procedure).  As  expected,  the  coupling  is  always  collinear  for  small  cells  and 
perpendicular  when  the  cells  are  large.  When  the  anisotropic  exchange  is  non  zero,  the 
coupling  direction  strongly  varies  between  different  configurations  of  the  smaller  and 
mid  size  cell  but  is  always  perpendicular  to  the  AFM  easy  axis  when  the  cells  are  large. 

As  was  done  in  the  previous  section,  we  consider  the  cell  size  in  the  model  to 
correspond  to  domain  sizes  in  the  film  and  further  recognize  that  different  domains 
correspond  to  different  random  configurations  of  the  interfacial  exchange  in  the 
computational  cell.  To  simplify  the  argument,  let  us  assume  that  the  field  was  applied 
along  the  (1-10)  direction  during  the  field  cooling  procedures,  i.e.  perpendicular  to  the 
AFM  easy  axis.  The  domain  pattern  in  the  AFM  will  arrange  itself  such  that  the  coupling 
direction  of  most  domains  is  parallel  to  the  cooling  field.  When  the  direction  of  the 
applied  field  and  the  FM  magnetization  is  subsequently  rotated  to  a  different  direction, 
the  AFM  domain  pattern  will  adjust  by  moving  domain  walls  to  minimize  the  energy. 
While  it  remains  to  be  shown  explicitly,  the  displacement  of  such  domain  walls  in  real 
samples,  with  defects  at  which  these  walls  are  pinned,  is  likely  an  irreversible  process. 
According  to  the  results  plotted  in  Figure  3,  the  coupling  direction  of  the  larger  domains 
will  not  be  affected  by  the  rearrangement  of  domain  walls.  Together  with  the  energy 
differences  plotted  in  Figure  2,  this  will  lead  to  a  unidirectional  anisotropy  that  has 
similar  order  of  magnitude  as  that  found  with  the  random  field  Ising  model.  Since  the 
coupling  direction  of  the  smaller  domains  depends  strongly  on  the  random  configuration, 
changing  the  domain  pattern  will  lead  to  new  configuration  with  adjusted  coupling 
directions  that  follows  the  FM  magnetization.  This  will  give  rise  to  a  rotating  component 
of  the  anisotropy  which  adjusts  with  direction  of  the  applied  field.  In  this  model  the 
dissipation  would  take  place  in  the  irreversible  displacement  of  domain  walls  in  the  AFM 
and  thus  does  not  require  the  superparamagnetic  rotation  of  all  the  moments  in  smaller 
grains. 
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Interdiffusion,  Crystallinity  and  Exchange  Bias  in  MnxPti.x/Co  Bilayers 
Erie  H.  Morales,  Yikuan  Wang  and  D.  Lederman 

Department  of  Physics,  West  Virginia  University,  Morgantown  WV  26506-6315 

Abstract 

The  structure  of  the  antiferromagnet  (AF)  in  the  Ta/  MnxPti-x/Co  /Ta  system  must  have  the  face- 
centered  tetragonal  CuAu  structure  in  order  to  obtain  a  measurable  exchange  bias  (He).  The 
formation  of  this  structure  has  an  onset  temperature  of  approximately  240  °C.  Increasing  the 
annealing  temperature  increases  the  amount  of  CuAu  ordering,  which  increases  He ,  and  also 
increases  the  MnPt/Co  interdiffusion,  which  decreases  He .  These  two  competing  processes 
result  in  an  optimum  annealing  temperature  that  maximizes  He. 

Introduction 

The  exchange  bias  anisotropy,  discovered  by  W.H.  Meicklejohn  and  C.P.  Bean  [1],  is  due  to  the 
coupling  of  an  antiferromagnet  (AF)  and  a  ferromagnet  (F).  This  unidirectional  anisotropy 
effectively  pins  the  F  when  the  AF  is  below  its  Ne61  temperature  ( TN ).  This  effect  has 
applications  in  magnetic  sensors  and  magnetic  random  access  memory  [2], 

In  this  study  we  address  the  formation  of  the  crystalline  structure  for  the  AF  and  quantitatively 
show  that  the  interdiffusion  at  the  AF/F  boundary  decreases  the  coupling. 

Experimental  Details 


The  samples  were  grown  in  a  vacuum  chamber  at  a  base  pressure  of  6  x  10‘7  Torr  using 
magnetron  sputtering.  Separate  targets  for  each  material  were  used  and  the  MnxPti-x  alloy  was 
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Figure  1  Exchange  bias  (He)  and  Coercivity  (He)  as  functions  of  angle  measured  from  the 

setting  field  direction.  The  sample  Mn  concentration  is  x  =  0.48  and  the  annealing  temperature 

Ta  =  3 18  °C.  Inset  is  the  MH  loop  for  0  =  0. 
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co-sputtered.  Si  (1 11)  substrates  were  degreased  without  removing  the  native  oxide  layer. 
Typical  sample  structures  consisted  of  Ta(10nm)/  MnxPt|.x(25nm)/Co(8nm)  /Ta(20nm).  The  Ta 
capping  layer  was  used  to  prevent  oxidation  and  degradation  of  the  sample.  X-ray  rocking 
curves  indicated  that  the  as-grown  samples  were  polycrystalline.  We  post-annealed  the  samples 
at  different  temperatures  in  a  magnetic  field  in  order  to  obtain  an  appreciable  He.  The  annealing 
procedure  consisted  of  ramping  to  the  desired  temperature  in  20  minutes  and  then  waiting  one 
hour  for  stabilization.  A  1200  Oe  permanent  magnet  was  then  placed  underneath  the  sample  and 
left  there  during  the  annealing  time.  This  was  done  in  order  to  align  the  AF  in  the  field  direction 
so  that  after  the  temperature  is  lowered  the  F  is  pinned.  Samples  were  characterized  by  x-ray 
diffraction  and  reflectivity  using  a  rotating  anode  attached  to  an  18  kW  power  supply  and  Cu  K« 
radiation  (A,  ~  0.1542  nm). 

He  was  determined  from  the  shift  of  the  magnetic  hysteresis  loops  away  from  H  =  0  using  the 
magneto  optical  Kerr  effect  (MOKE).  A  typical  MOKE  result  for  different  angles  with  respect 
to  the  direction  of  the  applied  field  during  annealing  is  shown  in  Figure  1.  The  loop  is  not 
symmetric,  in  agreement  with  the  model  proposed  by  D.  Mauri  et  al.  [3]  where  a  domain  wall  is 
formed  in  the  AF  during  domain  reversal  in  the  F. 

The  annealing  procedure  was  performed  only  once  on  each  sample.  The  interface  interdiffusion 
was  determined  with  a  computer  program  [4]  that  recursively  calculates  the  x-ray  reflection 
coefficient  of  each  layer  from  top  to  bottom  adding  a  grading  at  the  AF/F  layer  where  the  index 
of  diffraction  varies  linearly  from  the  AF  value  to  the  F  value. 


Figure  2  (a)  X-ray  diffraction  at  different  annealing  temperatures.  The  substrate  scan  is 
included  for  reference.  Vertical  lines  at  24.1°,  31.8°,  40.2°  correspond  to  MnPt  reflections,  (b) 
Area  of  the  (110)  Bragg  peak  for  different  annealing  temperatures.  The  line  is  a  guide  to  the 
eye. 
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Results  and  Discussion 


Conventional  wisdom  holds  that  the  annealing  temperature  (TA)  has  to  be  greater  than  TN  in 
order  to  obtain  He.  In  this  case,  however,  this  is  not  necessary,  presumably  due  to  the  low 
magnetic  anisotropy  of  the  AF.  Figure  2  (a)  shows  that  the  onset  of  the  CuAu  structure  is  not 
complete  at  TA  =  202  °C,  while  the  TA=  318  °C  sample  shows  the  MnPt  (110)  reflection.  This 
reflection  can  only  occur  for  the  ordered  CuAu  structure.  According  to  Kr6n  et  al.  [6],  the  TN 
for  this  concentration  of  x  =  0.48  is  682  °C.  In  OTder  to  quantify  the  amount  of  CuAu  structural 
ordering,  the  area  of  the  (1 10)  reflection  was  measured  for  each  annealing  temperature.  The  area 
grows  monotonically  throughout  the  entire  temperature  range  and  at  TA  =  406  °C  seems  to  be 
close  to  its  maximum,  as  shown  in  Figure  2  (b).  This  is  important  because  the  exchange  bias  also 
should  have  increased  in  the  same  temperature  range  if  it  only  had  been  proportional  to  the 
amount  of  CuAu  ordering.  The  exchange  bias,  however,  peaked  at  TA  =  318  °C,  as  shown  in 
Figure  3.  Hence,  there  must  have  been  other  factors  that  contributed  to  the  decrease  at  higher 
annealing  temperatures. 

X-ray  reflectivity  results  qualitatively  show  a  loss  of  sharp  interfaces  as  TA  is  increased,  as 
shown  in  Figure  4.  In  the  as-grown  sample  there  are  high  frequency  peaks,  corresponding  to  the 
total  thickness  of  the  sample,  modulated  by  a  low  frequency  signal,  corresponding  to  the 
individual  layer  thicknesses.  This  low  frequency  modulations  for  the  most  part  are  absent  for  the 
sample  annealed  at  TA  =  407  °C.  This  means  that  the  interfaces  become  less  well  pronounced  as 
the  annealing  temperature  increases.  This  was  verified  by  the  fit  to  the  spectra  shown  in  Figure 
4.  The  results  for  the  interdiffusion  roughness  for  the  MnPt/Co  interface  (cMnPt/co)  are  shown  in 
Figure  5.  The  sample  with  the  maximum  He  has  an  interdiffusion  of  erMnPt/co  =  1 .4  nm.  This 
amount  of  roughness  might  at  first  sight  seem  excessive,  but  it  is  consistent  with  the  results  of 


Honda  et  al who  measured  an  appreciable  HE  in  MnPt/FeCo  with  up  to  2  nm  of  Ag  placed  at 
the  AF/F  interface  [7],  Furthermore,  the  fits  showed  that  increasing  the  roughness  parameters  of 
ad  the  other  interfaces  did  not  reproduce  the  measured  spectra  and  did  not  increase 
systematically  as  the  annealing  temperature  (7^)  was  increased  [8],  This  indicates  that  most  of 
the  interdiffusion  occurs  at  the  MnPt/Co  interface. 

Conclusions 

Our  results  indicate  that  there  is  a  minimum  temperature  required  to  obtain  the  CuAu  ordered 
structure.  Below  this  temperature  the  crystalline  ordering  does  not  provide  the  correct 
antiferromagnetic  structure  and  the  measured  He  is  zero.  For  greater  annealing  temperatures  the 
amount  of  CuAu  structural  order  increases  and  saturates  above  400  °C.  However,  the  exchange 
bias  peaks  at  318  °C  because  of  increasing  interdiffusion  at  the  MnPt/Co  interface,  which 
presumably  weakens  the  AF/F  exchange  coupling.  These  results  indicate  that  the  exchange  bias 
could  be  increased  further  if  the  interdiffusion  could  be  suppressed  during  the  annealing 
procedure. 
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Abstract 

The  Full-potential  Linearized  Augmented  Plane-wave  (FP-LAPW)  method  was 
employed  to  investigate  the  magnetic  properties  of  1  monolayer  (ML)  Fe  on  W(100)  and  W(1 10) 
substrates.  Magnetic  moments  of  the  Fe  overlayer  are  found  to  be  very  different  with  ~2.0  pB  for 
Fe  on  W(100)  and  -2.56  pB  for  Fe  on  W(1 10).  The  exchange  coupling  between  Fe  film  and  W 
substrate  are  also  found  to  be  orientation-dependent.  The  electronic  coupling  in  FeAV(100)  thin 
film  is  found  to  be  more  long-range,  compared  to  the  one  in  Fe/W(l  10).  These  differences  could 
be  explained  by  the  differences  of  local  atomic  bonding  and  crystal-field  splitting  in  these  two 
orientations. 

I.  Introduction 

Exchange  coupling  between  atomic  layers  constitutes  many  interesting  phenomena 
including  Giant  Magneto-resistance  (GMR)  and  spin-waves  in  magnetic  multilayers.  It  was 
found  that  both  the  strength  and  oscillation  period  of  interlayer  exchange  coupling  depend 
strongly  on  the  thickness  of  the  spacer  layer  and  crystal  orientation  [1].  Two  theories  have  been 
developed  and  employed  to  explain  the  interlayer  exchange  couplings  [2,3].  One  is  based  on  the 
Ruderman-Kittel-Kasuya-Y osida  (RKKY)  spin-dependent  scattering  model  [2].  The  other  is 
based  on  the  quantum  size  effect,  i.e.  the  modulation  of  density-of-states  (DOS)  due  to  quantum 
confinement  [3].  Later  Bruno  [4]  showed  that  these  two  theories  are  actually  equivalent.  Indeed, 
in  electronic  structure  calculations,  full  multiple-scattering  yields  the  density-of-states  (DOS). 
These  two  theories  are  quite  successful  in  explaining  most  of  the  experimental  observations  [4]. 
Despite  the  good  agreement  in  GMR  between  theory  and  experiment,  so  far  the  short  oscillation 
periods  of  the  exchange  coupling  predicted  by  theory  in  the  (1 10)  oriented  multilayers  have  not 
been  observed  in  experiments  [5].  Some  attribute  this  discrepancy  to  the  surface  and  interface 
roughness  or  disorder  effect  [6,7].  It  was  indeed  possible  to  make  the  short  oscillation  period 
disappear  when  the  effect  of  disorder  was  included  in  the  calculations  [6].  However,  the 
underlying  physical  reason  is  still  uncertain.  Understanding  exchange  coupling  on  the  short- 
range  scale  is  necessary  in  order  to  understand  the  effects  of  interface  atomic  structure  on  GMR. 

Besides  interlayer  exchange  coupling,  ferromagnetism  in  transition  metals  is  still  not 
completely  understood  [8-10].  So  far  the  relative  contribution  of  intra-  and  inter-atomic 
exchange  interaction  to  magnetic  moment  and  their  effect  on  magnetic  coupling  is  not  entirely 
clear.  Whether  these  two  interactions  are  collaborative  or  competing  largely  depend  on  the 
system  and  its  atomic  structure  under  study.  For  a  given  metallic  system,  if  inter-atomic 
interaction  dominates,  larger  inter-atomic  distances  tend  to  favor  ferromagnetism  and  an 
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increased  magnetic  moment  due  to  a  narrower  d  band.  In  the  situation  where  intra-atomic 
interaction  dominates,  larger  inter-atomic  distance  means  smaller  crystal-field  splitting  for  the  d 
orbitals.  Therefore  an  enhanced  magnetic  moment  is  also  expected.  At  a  given  inter-atomic 
spacing,  the  magnetic  property  of  the  system  depends  on  many  competing  interactions  including 
magnetic,  electronic,  elastic,  and  magneto-elastic  interactions  that  eventually  lead  to  the  lowest 
energy  state.  The  surface  and  interface  effects  are  important  when  magnetism  is  dominated  by 
inter-atomic  exchange  interaction  because  of  its  sensitivity  to  chemical  bonding.  However, 
interface  will  also  affect  intra-atomic  interaction  due  to  the  change  in  crystal-field  and  therefore 
the  width  and  splitting  of  the  d-band.  The  temperature  dependence  of  magnetism  actually 
concerns  largely  the  relative  importance  of  inter-atomic  and  intra-atomic  exchange  interactions 
in  magnetism  [11].  The  fact  that  Fe,  Co  and  Ni  elements  in  bulk  or  thin  films  possess  magnetic 
moments  less  than  Hund’s  second  rule  predicts  for  isolated  atoms  means  that  inter-atomic 
interaction  is  important  in  these  elements. 

Monolayer  Fe  films  grown  on  W(100)  and  W(1 10)  substrates  are  used  as  examples  to 
illustrate  the  orientation  dependence  of  the  exchange  coupling  on  a  short-range  scale,  and  to 
understand  the  effect  of  crystal-field  on  magnetic  moment  of  the  Fe  overlayers. 

II.  The  Systems 

Ultrathin  Fe  films  grown  on  W(100)  and  W(1 10)  substrates  are  prototype  magnetic 
systems  for  studying  thin  film  magnetism  due  to  their  thermal  stability,  large  lattice  mismatch  of 
9.4%,  and  pseudomorphic  growth.  However,  Fe  films  deposited  on  W(100)  and  W(1 10) 
substrates  exhibit  very  different  magnetic  properties  [12-16].  It  was  observed  that  there  are 
magnetic  ‘dead-layers’  in  the  sub-monolayer  coverage  of  Fe  on  W(  100)  [16,17]  above  the 
experimental  temperature  of  1 15  K  and  140  K  respectively,  while  an  enhancement  of  the  surface 
magnetic  moment  was  observed  for  the  1  ML  Fe/W(  110)  system  [13,18,19].  In  both 
experiments  [12]  and  theoretical  calculations  [18],  it  was  found  that  Fe  has  an  enhanced  moment 
of  about  2.56  (Xb  in  1  ML  Fe/W(l  10)  film  compared  to  the  moment  of  2.2  pB  in  bulk  bcc  Fe. 
Further,  a  Curie  temperature  of  282K  was  observed  for  the  monolayer  Fe  on  W(1 10)  [12,13].  So 
far,  this  difference  has  not  been  extensively  explored  nor  understood. 

Since  electronic  structure  directly  reflects  the  atomic  structure  of  the  system,  magnetism 
is  very  sensitive  to  the  details  of  the  atomic  structure.  1  ML  FeAV(100)  has  a  C4v  point-group 
symmetry,  while  1  ML  Fe/W(l  10)  has  a  lower  Civ  •  Since  symmetry  is  crucial  in  crystal-field 
splitting  of  the  d  orbitals,  it  is  not  unexpected  that  Fe/W(l  10)  and  FeAV(100)  films  exhibit 
different  magnetic  properties.  Indeed,  according  to  crystal-field  theory,  the  3d  orbitals  will  be 
split  into  different  bands  for  different  symmetry.  As  a  result,  the  interaction  between  Fe  and  W 
will  be  greatly  affected  by  the  symmetry.  The  relative  strength  of  the  crystal-field  depends  on 
the  nature  of  chemical  bonding  and  geometric  effects. 

III.  Results  and  Discussion 

The  WIEN97  code  [20]  based  on  the  FP-LAPW  method  was  used  to  carry  out  the 
calculations.  Repeated  slab  geometries  consisting  of  a  total  of  5  W  substrate  layers  and  1  Fe 
layer  on  each  surface  were  employed  in  all  of  the  calculations.  A  total  of  3000  k-points  in  the  full 
Brillouin  Zone  was  used  for  both  Fe/W(l  10)  and  FeAV(lOO)  films  to  ensure  complete 
convergence  and  a  proper  comparison.  The  Generalized  Gradient  Approximation  (GGA)  was 
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d(Fe-W|)  (A) 

d(W,-W2)(A) 

HB(Fe) 

Hb(W.) 

4b(W2) 

4b(W3) 

FeA¥(100) 

1.25 

1.61 

2.09 

-0.25 

0.090 

-0.076 

Fe/W(l  10) 

1.97 

2.26 

2.56 

-0.Q85 

-0.000053 

-0.00027 

Table  I.  Comparison  of  atomic  interlayer  distances  and  magnetic  moments  between  1  ML 

FeAV(lOO)  and  Fe/W(l  10). 


adopted.  Additional  computational  details  were  described  in  our  earlier  publications  [18,21]. 

The  theoretical  equilibrium  bcc  W  lattice  constant  of  3.205 A  was  used  for  the  in-plane 
lattice  parameter  in  1  ML  Fe/W(l  10)  and  1ML  FeAV(lOO)  films.  The  vertical  lattice  spacings 
were  completely  relaxed.  The  magnetic  moments  were  determined  by  taking  the  majority  spin 
numbers  minus  the  minority  spin  number.  Table  I  exhibits  the  interlayer  atomic  distances 


Figure  1.  Fe  minority-spin  partial-^  density-of- states  (DOS)  for  1  ML  FeAV(lOO)  (Fig.  la)  and 

1  ML  Fe/W(l  10)  (Fig.  lb) 
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and  magnetic  moments  for  the  two  systems. 

As  can  be  seen  from  Table  I,  1  ML  Fe  grown  on  W(100)  and  on  W(1 10)  has  very 
different  interlayer  distances  and  magnetic  moments.  In  Fe/W(100)  system,  the  Fe-W  interlayer 
distance  is  much  shorter  compared  to  the  one  in  Fe/W(l  10),  a  contraction  of  36.5%.  The  W-W 
interlayer  distance  in  Fe/W(100)  is  28.8%  smaller  than  that  of  Fe/W(l  10).  It  is  true  that  the 
nearest-neighbor  interatomic  distances  in  both  (100)  and  (110)  oriented  films  are  the  same. 
However,  four  of  the  nearest-neighbor  bonds  lie  in-plane  in  (1 10)  oriented  films,  while  all  of  the 
nearest-neighbor  bonds  are  out-of-plane  in  (100)  oriented  films.  It  suggests  that  the  interlayer 
interaction  in  FeAV(100)  is  stronger  compared  to  the  one  in  the  Fe/W(l  10)  system  because  of  the 
greater  overlap  between  the  interlayer  valence  orbitals  in  (100)  oriented  films  than  in  (1 10)  films. 

Figures  la  and  lb  show  Fe  3d  minority-spin  density-of-states  (DOS)  for  FeAV(100)  and 
Fe/W(l  10)  respectively.  It  can  be  seen  that  the  splittings  of  the  3d  orbitals  are  different  for  the 
C4v  and  C2v  symmetries  as  expected  from  crystal-field  theory.  There  are  3  major  peaks  in  the  Fe 
3d  band  grown  on  W(100)  substrate,  while  only  two  major  peaks  can  be  observed  for  Fe/W(l  10) 
film.  This  means  that  crystal-field  effect  is  important  for  the  minority-spin  DOS,  which  in  turn 
largely  determines  the  magnetic  moment.  Table  II  shows  the  contribution  from  Fe  valence  45, 

4 p  and  3d  orbitals  to  the  total  magnetic  moment. 

The  Fe  magnetic  moments  are  found  to  be  different  in  these  two  orientations  with  2.09  pB 
and  2.56  pe  for  1  ML  Fe  grown  on  W(100)  and  W(1 10)  substrates  respectively.  The  magnetic 
moment  of  Fe  is  enhanced  by  16%  in  1  ML  Fe/W(l  10)  compared  to  the  bulk  bcc  Fe  value  of  2.2 
Pb  in  agreement  with  previous  experimental  results  [12,13],  However,  the  Fe  magnetic  moment 
is  much  reduced  for  the  (100)  orientation.  As  seen  from  this  Table  II,  the  major  contribution  to 
the  difference  of  Fe  magnetic  moments  in  these  two  films  is  from  3 dxz  and  3dxy  orbitals. 
Moreover,  the  interfacial  W  atom  in  (1 10)  film  acquires  an  induced  moment  of  0.085  pB>  which 
is  much  smaller  compared  to  0.25  pB  for  the  interfacial  W  atoms  in  the  (100)  films.  Recent 
experimental  data  [22]  also  demonstrate  an  induced  interfacial  W  moment  of  ~0.2  pB  for 
Fe/W(100)  in  good  agreement  with  our  current  calculations.  The  inner  W  atoms  have  very  small 
induced  moments  in  the  (110)  film,  while  the  induced  moments  for  W  persist  for  the  inner  layers 
in  the  (100)  films.  The  second  and  third  layer  W  atoms  have  moments  of  -0.09  pB  and  ~0.07pB 
respectively  in  the  (100)  oriented  films.  Interestingly,  the  W  magnetic  moments  are 
ferromagnetically  coupled  to  each  other  in  W(1 10)  substrate,  in  contrast  to  the  anti¬ 
ferromagnetic  coupling  in  W(100)  substrate.  This  difference  perhaps  could  be  understood  from 
the  different  interlayer  distances  in  these  two  orientations.  The  (100)  oriented  film  has  a  much 
shorter  inter-layer  distance  compared  to  the  (110)  oriented  film,  thus  ferromagnetic  coupling  is 
favored  in  the  (110)  films  when  inter-atomic  exchange  interaction  plays  an  important  role. 

The  difficulty  in  observing  the  short-oscillation  period  of  magnetic  coupling  in  (1 10) 
oriented  films  may  be  related  to  the  rapid-decay  of  induced  magnetic  moments  in  W  seen  here  in 
the  Fe/W(l  10)  system.  The  (100)  oriented  film,  on  the  other  hand,  sustains  a  substantial  value  of 
induced  magnetic  moment  even  for  the  inner  W  layers  seen  from  Table  I.  The  underlying  reason 


spin  (T-i) 

Mb 

s 

P 

dtot 

di 

dx ” 

dxy 

dXz 

dyz 

FeAV(100) 

2.09 

0.033 

0.004 

2.059 

0.628 

0.521 

0.189 

0.391 

0.331 

Fe/W(l  10) 

2.562 

0.020 

-0.005 

2.547 

0.585 

0.608 

0.411 

0.665 

0.279 

Table  II.  Contributions  to  the  total  Fe  magnetic  moment  from  valence  s,  p  and  d  orbitals 
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could  be  attributed  to  the  shorter  inter-layer  distances  in  (100)  films  than  those  in  (1 10)  films.  As 
a  result,  a  larger  overlap  of  the  valence-orbitals  in  (100)  films  occurs. 

The  magnetic  ‘dead-layer’  observed  in  the  submonolayer  Fe  coverage  on  W(100) 
substrate  [16,17]  could  be  partially  attributed  to  the  reduced  moments  calculated  here  for 
FeAV(100).  However,  there  must  be  other  mechanisms  contributing  to  the  complete  suppression 
of  magnetic  signal.  It  is  possible  that  the  Curie  temperature  for  the  1  ML  FeAV(100)  system  is 
much  lower  than  the  corresponding  Curie  temperature  of  282K  for  the  1  ML  Fe/W(l  10).  It  is 
known  that  Curie  temperature  is  very  sensitive  to  the  film  thickness,  the  coordination  number, 
the  capping  and  substrate  layer  thickness,  and  the  interatomic  distance  [23-27].  Since  exchange 
coupling  J  decays  as  ~1/R3  [28],  in  which  R  is  the  interatomic  distance,  the  Curie  temperature 
will  be  dependent  upon  the  crystallographic  orientation  of  the  thin  film  as  demonstrated  in  [27]. 

If  only  nearest-neighbor  coordination  and  distance  are  considered,  then  the  Curie  temperature  for 
1  ML  FeAV(100)  will  be  around  or  below  100K,  which  is  below  the  previous  experimental 
temperature  [16,17].  The  lower  magnetic  moment  for  the  monolayer  Fe  on  W(100)  substrate 
will  reduce  the  Curie  temperature  even  further  compared  to  the  corresponding  W(1 10)  substrate 
case  [27].  All  in  all,  our  theoretical  calculation  does  not  find  a  magnetically  dead  monolayer  Fe 
on  W(100).  However,  it  is  possible  that  the  Curie  temperature  of  this  system  is  far  below  the  1 
ML  Fe/W(l  10)  case  and  below  the  experimental  temperature  conducted. 

IV.  Summary 

It  is  shown  that  crystal-field  effect  is  important  for  the  magnetic  moments  and  interlayer 
exchange  coupling  in  ultrathin  Fe/W(l  10)  and  FeAV(100)  magnetic  films.  The  crystal-field 
energy  splitting  of  the  outer  d  orbitals  and  their  relative  positions  are  strongly  symmetry 
dependent.  As  a  result,  the  magnetic  interactions  including  exchange  coupling  and  magnetic 
moments  are  strongly  affected  by  the  crystal-field  splitting  and  therefore  by  the  symmetry  of  the 
thin  films. 
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ABSTRACT 

Z-type  hexagonal  ferrite  samples  in  which  cobalt  is  partially  substituted  with  iron, 
Ba3Co2-,Fe24+*04i  (x  =  0,  0.2,  0.4, 0.6),  were  prepared  by  the  ceramic  process  under  a  sintering 
oxygen  partial  pressure,  Po2  =  21.3  or  101.3  kPa,  at  1573  K.  The  influence  of  the  substitution 
ratio  and  oxygen  partial  pressure  on  the  complex  permeability  was  investigated  by  examining  the 
cobalt  distribution  over  various  cation  sites  in  the  Z-type  structure  with  the  neutron  powder 
diffraction  analysis  performed  at  294  K  (neutron  wave  length  was  1 .006 A).  The  neutron 
diffraction  pattern  was  studied  with  the  Rietveld  method.  A  significant  difference  in  the 
preferential  occupation  of  cobalt  on  various  kind  of  cation  sites  was  observed  between  the 
samples  obtained  under  Po 2  =  21.3  and  101.3  kPa.  Almost  all  cobalt  atoms  are  on  the  12 k 
octahedral  site  at  the  boundary  between  S-  and  R-blocks  in  the  sample  of  x  =  0,  P02  =  21.3  kPa. 
On  the  other  hand,  in  the  sample  of  x  =  0,  P02  -  101 .3  kPa,  cobalt  atoms  are  as  well  on  other  sites, 
the  1 2k  octahedral  site  at  the  boundary  between  S-  and  T-blocks,  the  Ae  tetrahedral  site  in 
S-block,  the  2 a  octahedral  site  in  T-block  and  the  2d  five  fold  (trigonal  bypiramid)  site  in 
T-block. 


INTRODUCTION 

In  recent  years,  rapid  progress  of  information  society  has  been  promoting  downsizing  of 
various  electronic  devices.  In  this  trend,  portable  computer  and  mobile  phone  systems  have  been 
prevailing  and  becoming  cordless,  which  needs  improvements  in  the  device  integration 
technology  and  processing  signals  with  much  higher  frequency  (from  MHz  region  to  GHz). 
Electromagnetic  noises  radiated  from  these  devices  must  be  also  in  GHz  region,  so  that 
obstruction  and/or  interference  in  normal  operation  are  concerned  [1].  Therefore, 
electromagnetic  noise  absorbent  materials  effective  even  in  the  GHz  band  have  been  required. 

Z-type  hexagonal  barium  ferrite  Ba3Co2Fe2404i  is  a  promising  candidate  material  because  of 
its  high  permeability  even  at  high-frequency  region  of  GHz  [2].  However,  it  is  not  easy  to 
prepare  the  Z-type  hexaferrite  material  as  a  single  phase.  Impurities  of  Y-  (Ba2Co2Fei2022)  and 
W-  (BaCo2Fei6027)  phases  easily  occur  and  degrade  resultant  permeability  because  their  intrinsic 
permeabilities  are  lower  than  that  of  the  Z-type.  We  investigated  synthesis  conditions  for 
obtaining  single  phase  material  of  the  Z-type  hexaferrite  varying  temperature,  oxygen  partial 
pressure  and  substitution  ratio  of  cobalt  for  iron.  We  found  that  a  higher  oxygen  partial 
pressure  and  substitution  of  cobalt  for  iron  are  favorable  for  occurrence  exclusively  of  the 
Z-phase  and  then  for  higher  permeability  [3].  We  examined  neutron  diffraction  (ND)  patterns 
of  the  Z-phase  samples  by  the  Rietveld  analysis  in  order  to  investigate  sites  occupied 
preferentially  by  iron  or  cobalt  ions.  We  have  already  reported  the  results  on  iron-substituted 
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Z-type  hexaferrite  Ba3Co2-xFe24^04i  (x  =  0,  0.2, 0.4, 0.6)  sintered  at  PQ2  =101.3  kPa  [4].  In 
this  paper,  we  report  on  results  on  the  samples  sintered  at  P02  =  21 .3  kPa  and  compare  them  with 
the  previous  results  in  order  to  study  correlation  between  the  permeability  and  the  site  occupation 
preference. 


EXPERIMENTAL 

The  samples  with  various  compositions,  Ba3Co2-jCFe24+*04i  ( x  =  0,  0.2, 0.4,  0.6)  were 
prepared  by  the  ceramic  method  as  already  reported  [4].  Stoichiometric  amounts  of  BaC03, 
C03O4  and  Fe203  powders  were  mixed  in  a  ball-mill  with  deionized  water  for  24  hours.  They 
were  dried  and  calcined  at  1273K  in  air,  crushed  and  shaped  into  pellets.  They  were  then  sintered 
at  1573  K  for  16  hours  under  an  oxygen  partial  pressure  of  21.3  or  101.3  kPa.  Their  X-ray 
diffraction  (XRD)  patterns  were  measured  in  the  range  of  diffraction  angle  26=  15  -100°  at 
intervals  of  0.02°.  The  neutron  diffraction  (ND)  patterns  at  294K  were  obtained  by  using  the  TAS 
spectrometer  in  a  double  axis  mode  at  the  beam  line  of  KUR-TAS-B2  in  Kyoto  University 
Research  Reactor.  The  sample  powder  was  set  in  a  vanadium  cylindrical  container  with  20-mm 
diameter.  The  neutron  flux  at  the  sample  position  was  about  105cm'V].  The  diffraction  angle  26 
was  traced  in  the  range  of  7.5  —  42.5°.  Its  angle  step  ^d2jftvas  0.1°  and  the  measured  time  at  each 
step  was  90  s.  These  XRD  and  ND  diffraction  patterns  at  room  temperature  were  examined 
with  the  Rietveld  method  analysis  in  order  to  optimize  parameters  regarding  the  crystal 
structures  [5].  The  XRD  data  was  first  analyzed  for  determining  atomic  coordinates  and  lattice 
parameters,  and  then  the  ND  pattern  was  analyzed  for  determining  the  distribution  of  magnetic 
ions  Fe  and  Co. 


CRYSTAL  STRUCTURE  OF  Z-TYPE  HEXAGONAL  FERRITE 

The  crystal  structure  of  the  Z-type  hexagonal  ferrite,  Ba3Co2Fe2404i,  is  a  complex  one  which 
consists  of  44  atomic  layers  stacking  up  along  the  c-axis.  In  this  structure,  S,  R  and  T  blocks  are 
ordered  as  RSTSR*S*T*S*,  where  the  asterisk  indicates  rotation  of  each  block  by  180°  around 
the  c-axis.  Figure  1  describes  a  part  of  atomic  arrangement  on  (1 10)  plane,  in  which  iron  and 


Figure  1.  Partial  schematic  illustration  of  atomic  sites  in  Z-type  hexagonal  ferrite  as  a  view  from 
[110]  direction.  Attached  labels  are  mentioned  in  the  text. 
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cobalt,  represented  as  Me,  are  not  distinguished.  Me4  and  Me8  sites  are  respectively  on 
boundaries  of  T-S  and  S-R  and  labeled  bl  and  b2.  Attached  marks  to  the  labels,  -A,  -B  and  -5, 
show  that  each  Me  ion  are  in  tetrahedral,  octahedral,  and  five  fold  (trigonal  bypiramid)  sites, 
respectively.  The  crystal  structure  is  represented  by  a  space  group  of  Pb^mmc,  and,  ideal  atomic 
coordinates  and  lattice  parameters  were  reported  as  a  =  5.88  A,  c  =  52.31  A  by  Vinnik  [6], 
Atomic  coordinates  of  Ba,  Me  (Co  and  Fe)  and  O  given  by  this  space  group  are  tabulated  in 
Table  1.  Ba  ions  are  distributed  over  two  sites  labeled  Bal  and  Ba2,  and  iron  and  cobalt  ions  over 
ten  sites  labeled  Mel-MelO  [7]. 


RESULTS  AND  DISCUSSION 

First,  we  performed  XRD  pattem  refinement  starting  with  the  ideal  atomic  coordinates 
tabulated  in  Table  1 .  In  this  refinement,  we  have  imposed  several  restrictions  on  performing 
refinements;  (1)  only  Z-coordinates  are  allowed  to  change,  while  X-  and  T-coordinates  are  kept 
constant.  (2)  two  sites  on  a  plane  normal  to  c-axis  share  a  Z-coordinate;  Bal -01, 02-03,  04-05, 
06-07  and  08-09.  (3)  atomic  coordinates  of  Ba2,  Mel,  MelO  and  010  are  kept  constant  in 
order  to  conserve  the  crystal  symmetry.  Mel-MelO  sites  for  iron  or  cobalt  ions  are  assumed  to 


Table  1.  Initial  Atomic  coordinates  of  Z-type  hexagonal  ferrite  and  Results  of  the 
_ Rietveld  for  X-ray  and  Neutron  Diffraction  of  Pqi  =  21 .3  kPa. _ 


Space  group  P63/mmc 

Initial  atomic 
coordinates  of 
BajC^Fe^  i 

Refined  structural  parameters  for  Ba3Co2^Fe24+^04i 

*  =  0 

x  =  0.2 

x  =  0.4 

*  =  0.6 

Sites  Description 

a  =  5.88  (A) 
c  =  52.31  (A) 

5.8774 

52.259 

5.8791 

52.255 

5.8796 

52.242 

5.8781 

52.236 

Label 
Spin  dir. 

Wyckoff 

letter 

Block 

X 

y 

z 

z 

z 

z 

z 

XRD 

ND 

XRD 

ND 

XRD 

ND 

XRD 

ND 

Mel-B  T 

2 a 

T 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Me2-A  1 

4/ 

T 

1/3 

2/3 

.0341 

.0331(9) 

.0299(1) 

.0348(9) 

.0339(3) 

.0363(9) 

.0296(5) 

.0360(4) 

.0364(9) 

Me3-B  I 

4e 

T 

0 

0 

.0454 

.0556(1) 

.0605(3) 

.0535(3) 

.0579(9) 

.0530(9) 

.0543(9) 

.0566(2) 

.0566(9) 

Me4-B  t 

12* 

bi 

1/2 

0 

.0909 

.0908(2) 

.0900(5) 

.0912(3) 

.0941(5) 

.0913(5) 

.0902(5) 

.0910(5) 

.0933(9) 

Me5-A  1 

4e 

S 

0 

0 

.125 

.1285(7) 

.1291(5) 

.1287(3) 

.1252(1) 

.1275(1) 

.1199(4) 

.1275(8) 

.1240(5) 

Me6-B  T 

4/ 

s 

1/3 

2/3 

.1364 

.1384(6) 

.1467(7) 

.1376(2) 

.1394<3) 

.1373(0) 

.1517(9) 

.1384(8) 

.1396(5) 

Me7-A  1 

4/ 

s 

2/3 

113 

.1477 

.1498(3) 

.1533(9) 

.1508(7) 

.1488(2) 

.1501(0) 

.1479(0) 

.1519(3) 

.1505(9) 

Me8-B  t 

12* 

W 

116 

1/3 

.1818 

.1867(8) 

.1903(3) 

.1861(7) 

.1879(4) 

.1873(4) 

.1942(1) 

.1868(8) 

.1883(3) 

Me9-B  i 

4/ 

R 

2/3 

1/3 

.2273 

.2201(8) 

.2235(4) 

.2236(9) 

.2245(1) 

.2212(1) 

.2252(6) 

.2236(1) 

.2260(1) 

MelO- 5  t 

2d 

R 

1/3 

2/3 

25 

25 

25 

25 

25 

25 

25 

25 

25 

Ba2 

2b 

R 

0 

0 

25 

25 

25 

25 

25 

25 

25 

25 

25 

Bal 

4/ 

T 

2/3 

1/3 

.0227 

.0274(7) 

.0268(9) 

.0277(9) 

.0279(9) 

.0277(2) 

.0356(3) 

.0271(2) 

.0265(9) 

01 

12* 

T 

1/6 

1/3 

02 

12* 

T 

1/3 

116 

.0682 

.0655(9) 

.0435(0) 

.0699(9) 

.0685(3) 

.0873(2) 

.0926(1) 

.06816(6) 

.0688(0) 

03 

4/ 

T  1 

1/3 

2/3 

04 

12* 

S 

1/6 

1/3 

.1136 

.1059(4) 

.1023(4) 

.1091(1) 

.1108(7) 

.1207(5) 

.1215(1) 

.1111(3) 

.1120(8) 

05 

4/ 

s 

2/3 

1/3 

06 

12* 

s 

1/2 

0 

.1591 

.1587(9) 

.1586(4) 

.1576(3) 

.1640(8) 

.1553(7) 

.1587(3) 

.1566(6) 

.1641(3) 

07 

4e 

s 

0 

0 

08 

12* 

R 

1/3 

1/6 

.2045 

.1989(1) 

.2030(2) 

.1986(6) 

.2122(3) 

.1907(7) 

.1866(2) 

.1999(1) 

.2110(2) 

09 

4/ 

R 

1/3 

213 

010 

6h 

R 

0 

1/2 

25 

25 

25 

.2.5 

.2.5 

25 

25 

25 

.2.5 

s- 1 

paramew 

it 

3.93 

3.61 

2.62 

2.97 

4.17 

3.58 

3.42 

2.8 
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Remark)  Coordinates  in  italic  are  invariables. 


Figure  2.  A  typical  result  of  present  Rietveld  refinement  for  XRD  diffraction  patterns  of  PQ1  -  21.3  kPa. 


be  filled  only  with  iron,  because  X-ray  scattering  factors  of  iron  and  cobalt  ions  are  almost  same 
and  they  are  indistinguishable.  Thus  optimized  atomic  coordinates  and  lattice  parameters, 
shown  in  Table  1 ,  were  then  submitted  to  ND  pattern  refinement.  On  the  ND  pattern 
refinement,  another  three  restrictions  were  imposed  in  addition  to  those  mentioned  above;  (4)  the 
valences  of  iron  and  cobalt  ions  are  Fe3+  and  Co2+,  and  the  moment  sizes  are  5  and  3  /&, 
respectively.  (5)  the  valence  of  iron  ion  substituted  for  cobalt  is  Fe2+  with  moment  size  of  4  jjq. 
(6)  these  moments  orientate  up  or  down  as  shown  in  Table  1  [9].  Thus  optimized  atomic 
coordinates  are  as  well  tabulated  in  Table  1  for  comparison  with  those  obtained  from  XRD  data. 

Typical  results  of  the  present  Rietveld  analyses  for  XRD  and  ND  are  respectively  shown  in 
Figs.  2  and  3,  in  which  experimental  plots  and  refined  patterns  are  together.  Both  are  for  the 
samples  sintered  at  P02  =  21.3  kPa.  It  is  noticed  that  deviation  of  the  profile  from  the  data 
around  peaks  due  to  (00/)  planes  was  of  significance  in  the  XRD  refinements  whilst  not  in  the 
ND.  This  significant  deviation  is  reasonably  ascribed  to  preferential  orientation  of  (000  planes 
normal  to  the  XRD  specimen  plate  [4,  8].  The  sample  of  the  ND  was  just  a  powder  charged 
into  a  cylinder  without  any  compression  and  therefore  free  from  such  orientation.  The 
5-parameters  associated  with  the  present  refinements  are  given  at  the  bottom  of  the  table. 


Figure  3.  A  typical  result  of  present  Rietveld  refinement  for  ND  diffraction  patterns  of  PQ 2  =  21 .3  kPa. 
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Table  2.  Iron  and  Cobalt  site  distribution  determined  by  the  Rietvelt  refinements 


of  the  neutron  diffraction  data  of  P02  =  21.3  kPa, 


Site 

x  - 

0 

* 

=  0.2 

X 

=  0.4 

x  ~  0.6 

Label, 

Spin 

direction 

Multiplicy 

Wyckoff 

letter 

Block 

g:  Fractional  Occupation  Number 

Fe 

Co 

Fe 

Co 

Fe 

Co 

Fe  Co 

Mel-B  T 

2a 

T 

0.96 

0.04 

0.96 

0.04 

0.98 

0.02 

1 

Me2-A  i 

4/ 

T 

1 

- 

1 

1 

- 

1 

Me3-B  i 

4e 

T 

1 

- 

1 

1 

- 

1 

Me4-B  T 

12* 

bl 

1 

- 

1 

- 

1 

- 

1 

Me5-A  i 

4e 

S 

0.98 

0.02 

0.99 

0.01 

0.98 

0.02 

1 

Me6-B  T 

4/ 

S 

1 

- 

1 

1 

1 

Me7-A  1 

4/ 

S 

1 

- 

1 

1 

1 

Me8-B  T 

12* 

b2 

0.68 

0.32 

0.71 

0.29 

0.74 

0.26 

0.77  0.23 

Me9-B  1 

4/ 

R 

1  - 

1 

1 

1 

Me  10-5  T 

2c 

R 

1 

- 

1 

1 

1 

Magnetic  moment  angle  <f>  with  c-axis 

83 

O 

90° 

90° 

84° 

Previous  our  measurements  on  temperature  dependence  of  the  ND  patters  clearly  indicated 
that  the  peaks  in  a  range  of  10  -  15  0  are  caused  by  the  magnetic  scattering  from  ordered 
magnetic  ions  [4].  The  Rietveld  refinement  of  the  ND  patterns  can,  therefore,  throw  light  on  the 
distribution  of  iron  and  cobalt  ions  over  the  ten  sites,  Mel -Me  10,  and  orientation  of  the  magnetic 
moment.  Table  2  shows  thus  estimated  occupation  ratios  of  cobalt  located  in  these  sites  and 
angle  between  the  moment  vector  and  the  c-axis.  Magnetic  moment  angles  with  c-axis  listed  at 
the  bottom  were  found  to  be  almost  90°.  Cobalt  ions  were  found  to  be  located  only  in  four 
sites  out  of  the  ten,  Mel-Bf ,  Me5-Aj,  Me8-Bt,  and  Mel0-5t,  as  has  been  found  with  samples 
sintered  under  P02  =  1 01 .3  kPa  [4].  Figure  4  shows  the  occupation  numbers  of  cobalt  for  the 
four  sites,  which  are  obtained  by  multiplying  the  occupation  ratio  by  each  site  number.  The 
present  results  for  P02  =  21.3  kPa  are  shown  on  the  right-hand  side,  while  the  previous  our 
results  for  P02  =  101 .3  kPa  on  the  left-hand.  A  clear  difference  is  noticed  between  the  right- 
and  the  left-hand:  Cobalt  ions  are  distributed  over  the  four  sites  in  the  left-hand  side  while 
substantially  only  on  a  site,  Me8|,  in  the  right-hand.  When  x  increases,  substituting  Fe2+  ions 
for  cobalt  go  dominantly  into  Mel-Bt(2a)  in  case  of  101.3  kPa,  while  into  Me8-Bt(12£)  in  case 
ofP02  =  21.3  kPa. 


Occupation  number  of  Co  ions  /  unit  cell 
Figure  4.  The  occupation  number  of  cobalt  ions  in  Ba3Co2-,Fe24+/>4i. 
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Now  we  examine  correlation  amongst  thus  estimated  spin  orientations  of  the  sites,  moment 
sizes  of  ions  located  there  and  resultant  permeability.  As  shown  in  Table  1,  there  are  32  ions 
with  up-spin  and  20  with  down-spin  in  the  unit  cell.  The  present  our  results  indicates  that,  in  the 
sample  sintered  under  P02  =  101.3  kPa,  the  down-spin  site,  Me5|,  is  significantly  occupied  by 
cobalt  with  smaller  magnetic  moment,  3/ife,  than  that  of  iron,  which  contributes  to  an  increase  in 
saturation  magnetization  and  then  permeability.  However,  any  down  spin  site  seemed  not  to  be 
occupied  by  cobalt  when  P0 2  =  21.3  kPa.  Recall  here  that  the  permeability  of  P02  =  101.3  kPa 
was  larger  than  that  of  P02  =  21.3  kPa  [3].  These  facts  are  consistent  with  each  other,  which 
would  support  reliability  of  the  present  analyses  and  results  regarding  preferential  site  occupation 
by  cobalt  and  iron  ions. 


CONCLUSION 

We  investigated  correlation  between  permeability  and  magnetic  cation  distribution  in 
Ba3Co2-*Fe24+*04i  (x  =  0,  0.2, 0.4, 0.6)  prepared  by  the  ceramic  method  under  oxygen  partial 
pressure  P02  -  101.3  and  21.3  kPa,  and  found;  (1)  Cobalt  ions  occupy  almost  a  particular  site 
(12*)  out  of  10  sites  for  P02  =  21.3  kPa,  while  4  sites  (12*,  4e,  2 a  and  2d)  for  P02  -  101.3  kPa. 

(2)  The  additional  Fe2+  ions  are  mainly  substituted  for  cobalt  in  2a  site  for  P02  =  101.3  kPa, 
while  12*  site  of  PQ2  =  21.3kPa. 
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ABSTRACT 

Epitaxial  thin  films  of  (OOl)-oriented  FeTiCh+s  were  prepared  on  a-Al203(001)  single  crystalline 
substrates  by  helicon  plasma  sputtering  technique.  The  FeTi03+8  films  had  large  oxygen 
nonstoichiometry,  which  seriously  depended  on  both  substrate  temperature  and  oxygen  pressure 
during  the  sputtering  deposition.  The  valence  states  of  Fe  ions  in  FeTiC>3+8  changed 
monotonically  from  Fe2+  to  Fe3+  with  decreasing  the  substrate  temperature  from  900  to  400°C  or 
with  increasing  the  oxygen  pressure  from  0.9  to  1.8xl0'6  Pa.  The  change  of  Fe  valence  states 
from  Fe2+  to  Fe3+  induced  the  magnetic  phase  transition  only  for  the  films  prepared  at  900°C. 
The  films  containing  Fe2+  were  paramagnetic  while  those  with  Fe3+  were  antiferromagnetic  at 
room  temperature.  The  oxygen  nonstoichiometry  of  the  FeTi03+5  films  was  probably  produced 
by  cation  vacancies  and  disarrangement  of  Fe3+  and  Ti4+  ions,  which  randomly  occupied  both 
interstitial  and  substitutional  sites  of  the  FeTi03  related  structure. 

INTRODUCTION 

Solid  solutions  of  a-Fe203-FeTi03  (hematite-ilmenite)  series  are  known  to  have 
interesting  magnetic  and  electric  properties  [1,2].  Though  the  end  members  of  this  series  are 
antiferromagnetic  insulators,  the  intermediate  compositions  between  them  are  half-metallic 
ferrimagnets.  The  compositions  are  nominally  expressed  as  Fe3+2-itFe2+JtTi4+^03,  where  x  is  the 
mole  fraction  of  ilmenite.  The  crystal  structure  of  them  has  rhombohedral  symmetry  and  is 
considered  as  a  slightly  distorted  hep  O2'  framework  with  cations  lying  in  two  thirds  of 
octahedral  interstices  in  ordered  way.  We  have  recently  succeeded  in  preparing  well-crystallized 
epitaxial  Fe2*Tit03  films  by  activated  reactive  evaporation  [3,4].  The  films  of  intermediate 
composites  had  large  ferrimagnetic  moments  and  their  resistivity  dropped  to  HHQcm  at  room 
temperature.  However  the  Fe2+  content  of  the  films  was  rather  small  as  compared  with 
stoichiometric  Fe2^Tf  03.  The  Ti-rich  films  we  previously  prepared  seemed  to  have  large 
oxygen  nonstoichiometry  about  5=0.3  in  Fe2-/ril03+8. 

Prior  to  preparing  the  stoichiometric  solid-solution  films  of  Fe2-jcTi^03,  we  tried  to 
confirm  preparation  conditions  of  stoichiometric  FeTi03  films.  According  to  a  literature  on  bulk 
crystal  growth  of  FeTiC>3  [5],  very  low  oxygen  pressure  of  about  10' 12  Pa  is  required  to  prevent 
the  oxidization  of  Fe2+.  In  the  present  study  helicon  plasma  sputtering  (magnetron  sputtering 
assisted  by  inductively  coupled  RF  plasma)  technique  was  applied  to  prepare  stoichiometric 
FeTi03.  The  helicon  plasma  sputtering  system  we  used  had  very  high  vacuum  and  low 
contaminations.  The  base  pressure  was  less  than  10'7  Pa.  The  structural  and  magnetic  properties 
of  epitaxial  FeTi03+s  films  were  reported  as  a  function  of  the  preparation  conditions,  i.e. 
stoichiometry  of  the  films.  The  carefully  controlled  heating  temperature  and  oxygen  pressure 
should  be  essential  to  prepare  stoichiometric  films. 

EXPERIMENT 

FeTi03+5  films  were  prepared  on  a-Al203(001)  single-crystalline  substrates.  Fig.l 
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Figure  1.  Schematic  drawing  of  the  helicon  Figure  2.  XRD  patterns  of  FeTi03+5  films 

plasma  sputtering  system  we  used.  prepared  on  a-Al203(001 )  substrates  at 

different  substrate  temperatures. 


shows  a  schematic  drawing  of  the  helicon  plasma  sputtering  system  we  used.  Two  targets  for 
helicon  cathodes  were  made  of  sintered  a-Fe203  and  FeTi03,  respectively.  In  the  present  study 
only  the  FeTi03  target  was  operated.  The  base  pressure  of  the  system  was  10  7  Pa,  and  the 
oxygen  partial  pressure  during  the  sputtering  deposition  was  measured  in  situ  by  a  mass 
analyzer  unit.  Before  the  sputtering  deposition  an  a-Al203(001)  substrate  was  annealed  in 
vacuum  at  about  900°C  for  1  hour  in  order  to  obtain  a  clean  and  well-ordered  surface.  FeTi03+5 
films  with  the  thickness  of  100  nm  were  deposited  on  the  substrates  at  various  substrate 
temperatures  ranging  from  400  to  900°C.  The  deposited  films  were  characterized  by 
conventional  0-20  x-ray  diffraction  (XRD)  measurement,  XRD  pole  figure  measurement  and 
conversion  electron  Mossbauer  spectroscopy  (CEMS).  Chemical  formula  of  prepared  FeTi03+s 
films  analyzed  by  energy  dispersive  X-ray  spectroscopy  (EDS)  was  Fe  1.23^0.7703+5 

RESULTS  AND  DISCUSSION 
Substrate  Temperature 

Fig.2  shows  XRD  patterns  of  the  sample  fdms  prepared  at  various  substrate 
temperatures  between  400  and  900°C.  All  sample  films  showed  only  one  intense  diffraction  line 
just  beside  a  strong  a-Al203(006)  line  at  20=41.68°.  It  is  well-known  that  FeTi03  has  the  same  hep 
O2  framework  as  a-Al203,  so  the  films  could  epitaxially  formed  on  the  substrates.  Assuming  the 
same  lattice  parameters  as  those  of  bulk  FeTi03  crystals  [6],  the  FeTiO3(006)  diffraction  line 
should  appear  at  20=38.29°  which  was  very  consistent  with  the  observed  20  values  for  the 
sample  films  shown  in  Fig.2.  Therefore  the  observed  lines  were  indexed  as  FeTi03+g  (006). 
However  the  20  values  of  FeTiO3+5(006)  depended  considerably  on  the  substrate  temperature  when 
the  films  were  prepared.  With  decreasing  the  substrate  temperature  the  20  value  decreased  gradually 
than  that  of  the  bulk  FeTi03  ciystals.  Moreover  the  line  intensity  was  decreased  in  addition  to  the 
line  broadening.  The  calculated  grain  size  by  using  a  Schemer’s  equation  was  typically  325  A  at 


56 


Table  I.  Fitted  parameters  for  CEMS  spectra 
shown  in  Fig.  3. 


Substrate 

temperature 

(°C) 

Isomer  shifts 
(mm/s) 

Quadropole 

splitting 

(mm/s) 

900 

1.13 

800 

1.03 

1.14 

700 

0.37 

600 

0.37 

400 

0.35 

Figure  3.  Room  temperature  CEMS  spectra 
of  FeTiCh+s  films  prepared  at  different 
substrate  temperatures. 


900°C  and  260  A  at  400°C,  respectively. 

Room  temperature  CEMS  spectra  of  sample  films  prepared  at  various  substrate 
temperatures  are  shown  in  Fig. 3.  All  sample  films  were  paramagnetic.  Assuming  the  analyzed 
chemical  formula  of  Fei. 23^.7703,  the  Neel  temperature  of  stoichiometric  films  should  be  about 
-25°C  [1],  i.e.  below  the  room  temperature.  The  magnetic  properties  seemed  to  be  consistent 
with  those  of  bulk  crystals.  But  the  valence  states  of  Fe  ions  evaluated  from  the  Mossbauer 
isomer  shifts  showed  considerable  changes  depending  on  the  substrate  temperature.  The  films 
prepared  at  higher  substrate  temperature  consisted  of  Fe2+  ions,  while  those  at  lower  substrate 
temperature  consisted  of  Fe3+  ions.  The  isomer  shifts  of  sample  films  gradually  increased  with 
increasing  the  substrate  temperature.  The  quadropole  splitting  also  reflected  the  valence  states  of 
Fe  ions.  Fe2+  ions,  which  had  a  remnant  orbital  angular  momentum  in  crystal  fields,  normally 
gave  larger  quadupole  splitting  than  Fe3+  ions. 

Oxygen  Pressure 

The  20  values  of  FeTiC>3+5(006)  seriously  depended  on  the  oxygen  pressure  during  the 
sputtering  deposition.  Fig .4  shows  the  20  values  for  sample  films  prepared  at  the  substrate 
temperature  of  900°C  as  a  function  of  the  oxygen  pressure.  With  increasing  the  oxygen  pressure 
the  20  value  increased  from  literature  values  for  stoichiometric  Fe2+Ti03  [6]  to  a-Fe3+203  [7]. 
There  were  small  possibilities  that  the  FeTi03+6  films  decomposed  into  two  phases  like  a-Fe203 
and  Ti02,  because  the  diffraction  lines  of  FeTiO3+§(006)  maintained  shaip  profiles  and  no 
diffraction  lines  due  to  the  secondary  phases  appeared  when  oxygen  pressure  was  increased. 

Room  temperature  CEMS  spectra  of  sample  films  prepared  at  various  oxygen  pressures 
are  shown  in  Fig.5.  The  spectrum  with  a  paramagnetic  doublet  at  lower  oxygen  pressure 
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Figure  4.  20  values  for  FeTi03+s  films 
prepared  at  900°C  as  a  function  of  the  oxygen 
pressure  during  the  sputtering  deposition. 


changed  to  magnetically  split  sextet  patterns  at  higher  oxygen  pressure.  The  Neel  temperature  of 
sample  films  increased  gradually  above  room  temperature.  Moreover  the  valence  states  of  Fe  ions 
evaluated  from  the  Mossbauer  isomer  shifts  changed  from  Fe2+  to  Fe3+  with  increasing  the 
oxygen  pressure.  Fe3+  (S=5/2)  ions  had  a  larger  spin  magnetic  moment  than  Fe2+  (S=2)  ions. 
Therefore  the  formation  of  Fe3+  ions  from  Fe2+  ions  raised  the  Neel  temperature  of  the  films. 

The  increased  oxygen  pressure  and  the  decreased  substrate  temperature  seemed  to 
produce  same  effects  on  the  iron  valence  states  of  the  FeTi03+6  films.  However  the  20  values  of 
FeTiO3+6(006)  gave  the  contrary  results  depending  on  the  respective  preparation  conditions.  The 
oxidized  films  owing  to  the  increased  oxygen  pressure  showed  the  increased  the  20  values,  while 
the  films  prepared  at  the  decreased  substrate  temperature  had  the  decreased  20  values.  This 
contradictory  was  probably  due  to  the  inferior  crystallinity  of  the  FeTi03+s  films  prepared  at  lower 


Table  II.  Fitted  parameters  for  CEMS  spectra 
shown  in  Fig.  5. 


20  value 
(deg.) 

Isomer 

shifts 

(mm/s) 

Quadropole 

splitting 

(mm/s) 

Hyperfme 

field 

(kOe) 

38.38 

1.02 

1.01 

- 

38.54 

0.82 

0.88 

- 

38.94 

0.50 

- 

449.9 

39.28 

0.40 

- 

470.5 

Figure  5.  Room  temperature  CEMS  spectra  of 
FeTi03+5  films  prepared  at  different  oxygen  pressures. 
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Figure  6.  (3-scan  profiles  for  (104)  pole  figures 
of  (a)  an  OC-AI2O3  substrate  and  (b)  stoichiometric 
and  nonstoichiometric  FeTi03+8  films. 


substrate  temperature.  The  films  prepared  at  lower  substrate  temperature  earned  small 
crystallization  energy  and  loosened  the  lattice  structures.  The  inferior  crystallinity  of  sample 
films  maintained  the  paramagnetic  properties  though  the  films  contained  Fe3+  ions  with  larger 
spin  magnetic  moment. 

Crystal  Structure 

It  was  very  interesting  to  know  the  crystal  structure  of  nonstoichiometric  FeTi03+5.  In 
oxidation  studies  of  FeTi03  bulk  crystals,  nonstoichiometric  FeTi03+§  easily  decomposed  into 
stable  phases  of  Fe2Ti05  and  Ti02,  or  Fe2Ti309  and  Fe203  [8].  As  far  as  we  know,  the 
nonstoichiometric  FeTi03+5  was  not  observed  in  a  bulk  form.  An  epitaxial  relationship  between 
the  a-Al203  substrate  and  the  FeTi03+8  film  was  obtained  by  XRD  pole  figures.  Fig. 6  shows  the 
|3-scan  profiles  of  (104)  diffraction  lines  for  the  OC-AI2O3  substrate,  the  stoichiometric  Fe2+Ti03 
film,  and  the  nonstoichiometric  Fe3+Ti03+$  film.  According  to  the  crystal  symmetries  of 
corundum  and  ilmenite  structures,  the  (104)  poles  should  have  three-hold  symmetry  and 
appeared  in  every  120°  for  (3-scan.  The  (3-scan  profiles  clearly  suggested  that  the  stoichiometric 
FeTi03  film  had  nearly  the  same  in-plane  symmetry  as  that  for  the  corundum  or  ilmenite 
structure.  However  the  (104)  poles  for  the  nonstoichiometric  FeTi03+8  film  had  six-hold 
symmetry  because  the  diffraction  lines  appeared  in  every  60°.  The  change  of  in -plane  symmetry 
for  nonstoichiometric  FeTi03+a  suggested  the  redistribution  of  cation  occupancies  in  octahedral 
interstices  of  hep  oxygen  layers.  Fe3+and  Ti4+  ions  randomly  occupied  both  interstitial  and 
substitution  sites  in  the  ilmenite-related  structure.  And  cation  vacancies  were  introduced  into  the 
structure  to  maintain  the  charge  neutrality.  The  disordered  cation  occupancies  we  proposed  here 
were  already  reported  in  Sn-,  Ti-,  and  Mg-substituted  a-Fe203  [9]. 
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Microstructure  and  Magnetic  Property  of  Llo  CoPt-20  at.%  C  Magnetic  Thin  Film 
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ABSTRACT 

The  CoPt-20at.%C  thin  films  of  20nm  thickness  were  sputter-deposited  in  the  form  of 
CoPt/Cn  (n=l:  carbon  layer  thickness=4nm;  n=4:  each  carbon  layer  thickness=lnm)  and  were 
transformation-annealed  at  650°C  for  various  times.  Carbon  was  found  to  dissolve  into  CoPt 
lattice  and  enlarge  the  c/a  ratio  of  the  ordered  CoPt  lattice.  The  amount  of  carbon  dissolution 
increases  with  the  decreasing  carbon  layer  thickness  at  a  given  total  carbon  concentration. 

The  carbon  dissolution  larger  than  a  critical  amount  can  lead  to  a  shift  of  the  phase  equilibrium 
of  ordering  and  produce  a  stable  fine  two-phase  mixture  of  ordered  and  disordered  phases  at  the 
equi -atomic  composition  of  Co:Pt.  This  results  in  a  fine  and  uniform  stagnant  grain  structure  of 
about  20nm  on  annealing  at  650°C.  The  carbon  dissolution  by  increasing  the  c/a  ratio  of  the 
ordered  CoPt  lattice  reduces  both  the  saturation  magnetization  and  the  magnetocrystalline 
anisotropy  constant  of  the  film  and  leads  to  a  reduction  of  coercivity  of  CoPt  films. 


INTRODUCTION 

The  ordered  Llo  CoPt  granular  film  is  a  potential  candidate  for  ultra  high  density  recording 
media  because  of  its  high  magneto-crystalline  anisotropy  constant.  This  film  is  however  known 
to  be  prone  to  the  occurrence  of  excessive  grain  growth  during  transformation  annealing  and  to 
high  transition  noise  because  of  lack  of  magnetic  granular  isolation.  To  solve  this  problem,  the 
composite  film  of  Llo  granular  CoPt  particles  imbedded  in  the  carbon  matrix  has  been  the 
subject  of  extensive  studies [1,2].  The  composite  film  was  fabricated  either  by  co- sputtering  Co, 
Pt,  and  C[  l]  or  by  sputtering  in  the  form  of  multilayers  (CoPt/C)n  [2]  followed  by  annealing. 

We  were  interested  in  exploring  the  possibility  of  fabricating  optimum  monolithic,  instead 
of  composite,  CoPt(C)  granular  film  by  incorporating  a  minor  amount  of  carbon  in  the  form  of 
CoPt/Cn(n=l,  4).  We  investigated  the  effect  of  C  mixing  on  the  grain  structure  and  magnetic 
properties  of  Llo  CoPt  granular  film.  Particular  attention  was  paid  to  the  mixing  behavior  of 
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carbon  layer  with  CoPt  layer  by  dividing  the  given  carbon  layer  into  several  thin  layers  for 
mixing  experiments. 


EXPERIMENTS 

Equiatomic  CoPt  film  was  RF-sputter  deposited  on  the  thermally  oxidized  Si  substrate  at 
room  temperature  under  the  Ar  pressure  5  mtorr  in  a  vacuum  chamber  with  a  base  pressure  less 
than  lxl0‘6  torr.  The  intercalated  carbon  layer  was  DC-sputter  deposited  using  carbon  target.  The 
total  film  thickness  of  CoPt  layer  was  fixed  to  20  nm  and  that  of  carbon  layer  was  fixed  to  4  nm, 
which  amounts  to  about  20  at.%  C.  To  investigate  the  effect  of  thickness  effect  on  the  carbon 
mixing  with  CoPt  lattice,  alternate  sputtering  was  carried  out  to  fabricate  a  mutilayer  structure  of 
CoPt/Cn  (n=l,  4)  by  dividing  the  total  carbon  layer  (n=l:  thickness=4nm)  into  4  thin  carbon 
layers  (n=4:  thickness=lnm).  The  films  were  annealed  at  650°C  for  various  times  in  a  vacuum 
furnace.  The  ordering  transformation  was  studied  using  X-ray  diffractometer  and  TEM  DF 
technique.  The  grain  structure  was  characterized  using  TEM  and  the  in-plane  grain  size 
distribution  was  measured  using  an  image  analyzer.  The  number  of  counted  grains  was  200-500. 
The  magnetic  hysteresis  loop  was  measured  using  VSM. 


RESULTS  AND  DISCUSSION 

The  examination  of  in-plane  grain  structure  CoPt  thin  film  (n=0)  showed  that  the  grain 
grows  rapidly  during  the  initial  period  of  annealing  at  650°C  and  tends  to  be  stagnant  at  a  later 
stage.  The  addition  of  carbon  of  20  at.%  into  CoPt  film  in  the  form  of  multilayer  CoPt/Cn  (n=l, 
4)  was  observed  to  greatly  retard  the  initial  growth  rate.  Furthermore,  the  stagnant  grain  structure 
was  found  to  be  greatly  dependent  on  the  number  of  divided  carbon  layers,  n  at  a  given  total 
carbon  thickness,  namely  on  the  thickness  of  each  carbon  layer. 

The  grain  size  distribution  (GSD)  of  20nm  CoPt  thin  films  is  plotted  in  terms  of  frequency 
vs.  logarithm  of  the  normalized  grain  size  (Fig. la).  The  as-deposited  film  exhibits  a  lognormal 
grain  size  distribution.  With  the  progress  of  annealing,  the  grain  population  near  the  peak 
diminishes  with  a  concurrent  rise  of  grain  population  at  the  leading  edge,  i.e.,  the  side  of  small 
grains.  This  eventually  leads  to  a  bimodal-like  grain  size  distribution  on  annealing  for  30  min. 
Further  progress  of  annealing  recovers  a  monomodal  grain  size  distribution  and  the  GSD 
approaches  a  lognormal  distribution.  This  variation  is  qualitatively  in  correspondence  with  that 
of  the  transformation  fraction  of  Llo  ordered  CoPt  phase  with  annealing.  The  X-ray  diffraction 
study  (Fig. lb)  indicated  that  the  transformation  rate  is  rapid  at  30  min  of  annealing  and  the  rate 
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Figure  1.  Plot  of  the  frequency  of  occurrence  vs.  logarithm  of  the  normalized  grain  size  with 
respect  to  the  average  grain  size  Dm  (a) ;  XRD  patterns  of  of  20nm  CoPt  (n=0)  films  as-deposited 
and  annealed  at  650°C  for  various  times  (b) ;  Plot  of  Llo  fraction  vs.  annealing  times  at  650°C  in 
40nm  CoPt  (n=0)  films. 


slows  down  after  60  min  of  annealing.  This  result  was  further  confirmed  in  the  measurement  of 
transformed  volume  fraction  of  ordered  phase  for  40nm  CoPt  thin  films  using  electrical 
resistivity  technique  (Fig.lc). 

This  result  shows  that  the  ordering  transformation  occurs  by  nucleation  of  ordered  clusters 
and  their  growth.  It  appears  that  these  clusters  do  not  grow  fast  because  of  the  presence  of 
interface  between  ordered  and  disordered  phases  and  that  small  particles  were  found  at  30  min  of 
annealing.  The  presence  of  small  ordered  particles  was  in  fact  observed  in  a  TEM  DF  study  in 
agreement  with  the  previous  work  by  Coffey  et  al.  [3], 

Figure  2  shows  the  GSD  in  20nm  CoPt/Cn  (n=  1 , 4)  thin  Films.  The  GSD  rather  resembles  to 
a  mono-modal  than  a  bi-modal  distribution,  which  is  particularly  true  for  thin  film  with  n=4 
(each  carbon  layer  thickness=lnm):  there  appears  to  be  some  faint  trace  of  bimodal  distribution 
for  film  with  n=l  (carbon  layer  thickness=4nm)  for  a  long  time  annealing.  The  cumulative- 
frequency  plot  showed  that  the  GSD’s  are  all  close  to  a  lognormal  distribution  except  at  the 
region  of  small  grains,  i.e.‘  the  leading  edge.  The  leading  edge  with  a  long  time  annealing  always 
better  fits  to  the  lognormal  distribution.  It  is  to  remark  here  that  the  GSD  of  the  film  with  n  =  4 
approaches  a  nearly  perfect  lognormal  distribution  on  annealing  for  240min,  although  the 
average  grain  size  at  this  condition  is  only  about  the  size  of  film  thickness,  20nm.  This  is  a 
premature  stagnation  of  grain  structure  in  view  of  the  well  established  fact  that  the  grain 
stagnation  usually  occurs  at  D  -  2.5 1  [4]. 

We  believe  that  this  premature  stagnation  of  grain  structure  arises  from  the  formation  of  a 
stable  two-phase  mixture  of  ordered  and  disordered  phases  in  CoPt/C4  films,  which  is  also 
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Figure  2.  Plot  of  the  frequency  of  occurrence  vs.  logarithm  of  the  normalized  grain  size  of  the 
CoPt/Cn  films  with  n=l  (a)  and  n=4  (b)  and  the  cumulative-frequency  plot  of  the  CoPt/C4  films 
for  different  annealing  times  (c,  d). 


responsible  for  the  formation  of  very  fine  and  uniform  GSD’s  (Fig.2).  The  reason  for  the 
exceptional  stability  in  the  n=4  film  is  that  the  ordering  transformation  is  extremely  limited  over 
a  long  period  of  annealing  time  in  the  film  with  n=4  (carbon  one-layer  thickness  =  1  nm)  unlike 
from  the  film  with  n=l  (carbon  one-layer  thickness  =  4nm)  despite  the  fact  that  the  total  carbon 
thickness  is  the  same  in  both  films.  The  X-  ray  diffraction  study  (Fig.3a)  clearly  showed  the 
difference:  the  ordering  transformation  is  greatly  suppressed  in  the  film  of  CoPt/C4  as  compared 
with  the  film  of  CoPt/C j  although  the  total  carbon  thickness  is  the  same.  In  addition,  the  (111) 
peak  is  shown  to  significantly  shift  to  a  larger  angle  in  the  n=l  film  as  compared  with  the  CoPt 
film,  indicating  that  carbon  dissolves  into  CoPt  lattice.  The  result  further  shows  that  the  (111) 
peak  in  the  n=4  film  experiences  a  peak  separation  due  to  ordering  transformation,  a  small 
secondary  ordered  peak  appearing  at  the  high  angle  side  of  principal  peak:  this  indicates  that  the 
transformation  is  incomplete  in  this  film  even  after  a  sufficient  annealing.  Furthermore,  the 
angular  position  of  this  secondary  ordered  peak  is  clearly  at  a  larger  angle  than  that  of  (1 1 1)  peak 
in  the  film  with  n=l.  This  clearly  indicates  that  the  amount  of  dissolved  carbon  increases  with 
increasing  n,  that  is,  with  the  decreasing  carbon  layer  thickness.  The  (001)  ordered  peak, 
however,  appears  not  to  change  with  carbon  addition,  although  its  accurate  position  is  somewhat 
obscure  because  of  a  low  intensity. 

From  the  information  of  the  X-ray  diffraction  studies,  we  can  conclude  that  the  carbon 
dissolves  into  ordered  Llo  CoPt  lattice  and  that  the  carbon  solubility  increases  with  decreasing 
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Figure  3.  XRD  patterns  of  CoPt/Cn  (n=0,  1 ,  4)  films  annealed  for  30  min  at  650°C  (a)  and  in¬ 
plane  magnetic  hysteresis  loops  of  CoPt/Cn  (n=0,  1, 4)  films  annealed  for  240  min  at  650°C  (b). 


individual  carbon  layer  thickness  at  a  given  total  carbon  thickness.  The  dissolved  carbon  makes 
the  c/a  ratio  bigger  by  reducing  a  and  the  c/a  increases  with  the  number  of  divided  carbon  layer, 
i.e.,  with  the  diminishing  individual  carbon  layer  thickness  at  a  given  total  thickness.  The 
approximate  calculation  of  c/a  ratio  from  the  present  X-ray  data  indicated  that  the  c/a  ratios  are 
0.945  for  n=0,  0.957  for  n=l  and  0.964  for  n=4. 

We  believe  that  a  large  increase  of  c/a  ratio  in  the  n=4  film  is  primarily  responsible  for  a 
great  suppression  of  ordering  transformation  and  for  the  formation  of  stable  two-phase  mixture 
of  ordered  and  disordered  phases.  The  origin  of  the  formation  of  a  stable  two-phase  mixture  is 
believed  not  to  be  the  kinetic  one  but  rather  to  be  thermodynamic  one,  in  view  of  its  great 
thermal  stability.  This  result  suggests  that  Tc  shifts  toward  a  higher  temperature  and  Pt-rich 
composition  so  that  the  film  with  n=4  is  found  within  the  two-phase  region  at  650°C.  It  is  to 
remark  here  that  this  does  not  happen  in  the  film  with  n=l  although  the  overall  carbon 
composition  is  the  same.  This  suggests  that  a  critical  amount  of  carbon  dissolution  is  necessary 
in  order  to  significantly  shift  the  equilibrium  phase  field  of  Co-Pt  system. 

The  fact  that  carbon  dissolves  into  Llo  CoPt  lattice  and  that  the  amount  of  carbon 
dissolution  depends  on  the  carbon  layer  thickness  is  also  well  manifested  in  the  magnetic 
hysteresis  loops  of  CoPt  films.  The  measurement  of  hysteresis  loops  (Fig.3b)  showed  that  the 
coercivity,  among  others,  is  reduced  as  a  result  of  carbon  incorporation  into  the  ordered  CoPt 
lattice  and  the  amount  of  reduction  strongly  depends  on  the  thickness  of  initial  carbon  layer.  We 
believe  that  this  is  because  the  increase  of  c/a  ratio  of  ordered  phase  with  carbon  incorporation 
reduces  the  degree  of  ordering  of  Llo  CoPt  lattice  as  well  as  its  transformation  fraction.  Both 
factors  contribute  to  a  reduction  of  effective  Ku  of  CoPt  film  and  lead  to  a  reduction  of  its 
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coercivity.  The  caibon  dissolution  into  the  ordered  CoPt  lattice  also  reduces  the  Ms  of  LI o  CoPt 
phase.  A  similar  Ms  value  is  observed  in  the  films  with  n=l  and  n=4.  This  is  because  the  film 
with  n=4  consists  of  ordered  and  disordered  phases,  the  latter  phase  exhibiting  a  larger  Ms  value. 
All  of  these  results  suggest  that  the  CoPt  -20at.%C  film  is  one  of  promising  candidates  for 
solving  the  excessive  grain  growth  and  transition  noise  problems  of  the  high  density  magnetic 
recording  media  based  on  CoPt  alloys. 


CONCLUSIONS 

The  CoPt-20at.%C  thin  films  of  20nm  thickness  were  sputter-deposited  in  the  form  of  CoPt/Cn 
(n=l:  carbon  layer  thickness=4nm;  n=4:  each  carbon  layer  thickness=lnm)  and  were 
transformation-annealed  at  650°C  for  various  times.  Carbon  was  found  to  dissolve  into  CoPt 
lattice  and  enlarge  the  c/a  ratio  of  the  ordered  CoPt  lattice.  The  amount  of  carbon  dissolution 
increases  with  the  decreasing  carbon  layer  thickness  at  a  given  total  carbon  concentration. 

The  carbon  dissolution  larger  than  a  critical  amount  can  lead  to  a  shift  of  the  phase  equilibrium 
of  ordering  and  produce  a  stable  fine  two-phase  mixture  of  ordered  and  disordered  phases  at  the 
equi -atomic  composition  of  Co:Pt.  This  results  in  a  fine  and  uniform  stagnant  grain  structure  of 
about  20nm  on  annealing  at  650°C.  The  carbon  dissolution  by  increasing  the  c/a  ratio  of  the 
ordered  CoPt  lattice  reduces  both  the  Ms  and  the  effective  Ku  of  the  film  and  leads  to  a  reduction 
of  coercivity  of  CoPt  films. 
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Role  of  Spin  Momentum  Current  in  Magnetic  Non-Local  Damping  of 
Ultrathin  Film  Structures 

G.  Woltersdorf,  R.  Urban,  and  B.  Heinrich 
Simon  Fraser  University,  8888  University  Dr.,  Burnaby ,  BC,  V5A  1S6,  Canada 

Non-local  damping  was  investigated  by  Ferromagnetic  Resonance  (FMR)  using  ultrathin  magnetic 
single  and  double  layer  structures  prepared  by  Molecular  Beam  Epitaxy  (MBE).  The  double  layer 
structures  show  magnetic  damping  which  is  caused  by  spin  transport  across  a  normal  metal  spacer 
(N).  In  double  layer  structures  a  thin  Fe  layer,  FI,  was  separated  from  a  thick  Fe  layer,  F2,  by  a 
Au(001)  spacer.  The  interface  magnetic  anisotropies  separated  the  FMR  fields  of  FI  and  F2  by  a  big 
margin  allowing  one  to  investigate  FMR  in  FI  while  F2  had  a  negligible  angle  of  precession,  and  vice 
versa.  The  Fe  films  in  magnetic  double  layers  acquire  non-local  interface  Gilbert  damping.  It  will 
be  shown  that  the  precessing  magnetic  moments  act  as  spin  pumps  and  spin  sinks.  This  concept 
was  tested  by  investigating  the  FMR  linewidth  around  an  accidental  crossover  of  the  resonance 
fields  for  the  layers  FI  and  F2.  There  is  another  possible  mechanism  for  non-local  damping  which  is 
based  on  a  ’’breathing  Fermi  surface”  of  the  spacer.  The  temperature  dependence  of  the  non-local 
damping  indicates  that  this  mechanism  is  weak  in  Au  spacers.  Surprisingly  the  Au  spacer  acts  as  an 
additional  impedance  for  the  spin  pump  mechanism.  Finally,  it  will  be  shown  that  electron-electron 
correlations  in  a  Pd  spacer  can  lead  to  a  significant  enhancement  of  the  non-local  damping. 


I.  INTRODUCTION 


The  small  lateral  dimensions  of  spintronics  devices  and  high  density  memory  bits  require  the  use 
of  magnetic  metallic  ultrathin  film  structures  where  the  magnetic  moments  across  the  film  thickness 
are  locked  together  by  the  intra  layer  exchange  coupling.  Since  spintronics  and  high  density  magnetic 
recording  employ  fast  magnetization  reversal  processes  it  is  important  to  understand  the  spin  dynamics 
and  magnetic  relaxation  processes  of  multilayers  in  the  nano-second  time  regime.  The  spin  dynamics  is 
described  by  the  Landau  Lifshitz  Gilbert  (L.L.G.)  equation  of  motion 
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where  7  is  the  absolute  value  of  the  electron  gyromagnetic  ratio,  Ms  is  the  saturation  magnetization  and 
G  is  the  Gilbert  damping  parameter.  The  effective  field  H e/j  is  given  by  the  derivatives  of  the  Gibbs 
energy,  17,  with  respect  to  the  components  ( Mx,My,Mz )  of  the  magnetization  vector  M(t)  [1].  The 
second  term  in  eq.  1  represents  the  well  known  Gilbert  damping  torque. 


II.  NON-LOCAL  DAMPING:  EXPERIMENT 

The  role  of  non-local  damping  was  investigated  in  high  quality  crystalline  Au/Fe/Au/Fe(001)  struc¬ 
tures  grown  on  GaAs(OOl)  substrates,  see  details  in  [2-5].  In-plane  Ferromagnetic  Resonance  (FMR) 
experiments  were  carried  out  using  10,  24,  36  and  72  GHz  systems  [4,  6]. 

Single  Fe  ultrathin  films  with  thicknesses  of  8,  11,  16,  21,  and  31  monolayers  (ML)  were  grown  directly 
on  GaAs(OOl)  and  covered  by  a  20  ML  thick  Au(001)  cap  layer  for  protection  in  ambient  conditions.  FMR 
measurements  were  used  to  determine  the  in-plane  four-fold  and  uniaxial  magnetic  anisotropies,  K\  and 
Ku ,  and  the  effective  demagnetizing  field  perpendicular  to  the  film  surface,  47T Mc//,  as  a  function  of  the 
film  thickness  d  [6].  The  magnetic  anisotropies  were  well  described  by  the  bulk  and  interface  magnetic 
properties,  respectively  [2].  The  thin  Fe  films  which  were  studied  in  the  single  layer  structures  were  grown 
again  as  a  part  of  magnetic  double  layer  structures.  The  thin  Fe  film  (Fl)  was  separated  from  the  second 
thick  Fe  layer  (F2)  by  a  Au(001)  spacer  (N)  of  a  variable  thickness  between  8  to  100  ML.  The  magnetic 
double  layers  were  covered  by  a  20  ML  Au(001)  capping  layer.  The  thickness  of  the  Au  spacer  layer  was 
always  smaller  than  the  electron  mean  free  path  (38  nm)  [7],  and  hence  allowed  ballistic  spin  transport 
between  the  magnetic  layers. 
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The  interface  magnetic  anisotropies  separated  the  FMR  fields  of  FI  and  F2  by  a  big  margin  (~1 
kOe),  see  Fig.l  allowing  one  to  carry  out  FMR  measurements  in  FI  with  F2  possessing  a  small  angle 
of  precession  compared  to  that  in  FI,  and  vice  versa.  The  thin  Fe  film  in  the  single  and  double  layer 


FIG.  1:  (a)  The  FMR  fields  at  24  GHz  in  the  layer  Fl(16Fe,  shown  by  (o))  and  layer  F2(40Fe,  (★))  in 
20Au/40Fe/16Au/16Fe/GaAs(001)  (integers  represent  the  number  of  atomic  layers)  as  a  function  of  the  angle 
between  the  applied  field  and  the  in-plane  [lOOj  crystallographic  direction.  A  large  in-plane  uniaxial  anisotropy 
field  in  FI  leads  to  an  accidental  crossover  at  <p  =115  and  150  Deg.  Notice  that  the  FMR  fields  get  locked  together 
by  the  spin  pumping  effect  at  the  accidental  crossover.  Away  from  the  crossover  the  resonance  fields  are  separated 
by  as  much  as  ten  FMR  linewidths. 

(b)  The  FMR  linewidths  corresponding  to  FI  in  Fig,  1(a).  The  measured  and  calculated  FMR  signals  were  an¬ 
alyzed  using  two  Lorenzian  lineshapes.  The  Lorenzian  peaks  were  characterized  by  their  amplitudes,  resonance 
fields  and  linewidths.  The  solid  lines  were  obtained  from  calculations  using  eqs  7.  Note  that  the  FMR  linewidth 
for  FI  first  increases  before  it  reaches  its  minimum  value  corresponding  to  that  of  a  single  layer  structure. 

structures  had  the  same  FMR  field  showing  that  the  static  interlayer  exchange  coupling  in  the  double 
layer  [2]  through  the  Au  spacer  was  negligible.  The  absence  of  static  interlayer  coupling  is  due  to  short 
atomic  terraces  [1]. 

The  results  are  as  follows:  (a)  The  FMR  linewidth  in  the  thin  films  FI  always  increased  in  the  presence 
of  F2,  and  vice  versa;  (b)  The  additional  FMR  linewidth,  A Hadd,  followed  an  inverse  dependence  on 
the  thin  film  thickness  d\ ,  see  [2] ;  and  (c)  the  additional  FMR  linewidth  A Hadd  in  both  the  parallel  (H 
in-plane)  and  perpendicular  (H  perpendicular  to  the  plane)  FMR  configuration  was  linearly  dependent 
on  the  microwave  frequency  with  no  zero  frequency  offset  [5]  .  The  additional  Gilbert  damping  for  the 
16  ML  thick  Fe  film  was  found  to  be  only  weakly  dependent  on  the  crystallographic  direction,  with  the 
average  value  Gacui  —  1.2  x  108  s-1.  This  is  comparable  to  the  intrinsic  Gilbert  damping  in  the  single  Fe 
film,  Gint  =1. 4x10s  s”1. 


III.  THEORY  OF  NON-LOCAL  DAMPING 


Tserkovnyak  et  al.  [8]  showed  that  the  interface  damping  can  be  generated  by  spin  current  from  a 
ferromagnet  (F)  into  the  adjacent  normal  metal  reservoirs  (NM).  The  spin  current  is  generated  by  a 
precessing  magnetic  moment.  A  precessing  magnetization  at  the  F/NM  interface  acts  as  a  ’’peristaltic 
spin  -pump” .  The  direction  of  the  spin  current  is  perpendicular  to  the  F/NM  interface  and  points  away 
from  the  interface  towards  NM.  The  spin  momentum  which  is  carried  away  by  the  spin  current  is 
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FIG.  2:  A  cartoon  representing  the  dynamic  coupling  between  two  magnetic  layers  which  are  separated  by  a 
non-magnetic  spacer  N.  (a)  represents  two  magnetic  layers  with  different  FMR  fields.  FI  is  at  resonance,  and  F2 
is  nearly  stationary.  A  large  grey  arrow  in  the  normal  spacer  describes  the  direction  of  the  spin  current.  The 
dashed  lines  represent  the  instantaneous  direction  of  the  spin  momentum.  For  small  angle  of  precession  they 
are  nearly  parallel  to  the  transverse  rf  magnetization  component  shown  in  short  solid  arrows.  FI  acts  as  a  spin 
pump,  F2  acts  as  a  spin  sink,  (b)  represents  a  situation  when  FI  and  F2  resonate  at  the  same  field.  Both  layers 
act  as  spin  pumps  and  spin  sinks.  In  this  case  the  net  spin  momentum  transfer  across  each  interface  is  zero.  No 
additional  damping  is  present. 


where  m  is  the  a  unit  vector  in  direction  of  M.  The  spin  current  can  cause  magnetic  damping.  Ar  is  the 
interface  scattering  parameter,  and  for  F  films  thicker  than  spin  coherence  length,  n/(kF-kF),  given  by 

A  —  —  N  Ifd  —  7*1  p  (3) 

Ar  ~  2  /  >  l '  mn  '  mn  I  ’  v 


where  rj^n  are  the  electron  reflection  matrix  elements  at  the  NM/F  interface  for  the  spin  up  and  down 
electrons”^’1  are  the  Fermi  k  vectors  for  majority  and  minority  electrons,  respectively.  The  sum  in  Ar 
is  close  to  the  number  of  the  transverse  channels  in  NM  [9] .  The  sum  is  given  by 


=  *£  =  0.85n2/3  ,  (4) 

S  47t 

where  S  is  the  area  of  the  interface,  kF  is  the  Fermi  wavevector  and  n  is  the  density  of  electrons  per  spin 
in  NM  [9].  Brataas  et  al.  [9,  10]  showed  that  Ar  can  be  evaluated  from  the  interface  mixing  conductance 
Gn  [11].  Ar  =  \Gn  =  Sgn ,  where  gn  represents  ’’dimensionless  interface  mixing  conductivity”. 

The  generated  spin  current  propagates  though  the  normal  metal  spacer  N,  and  is  deposited  at  the 
N /F2  interface.  It  was  shown  [10,  12]  that  the  transverse  component  of  the  spin  current  in  N  is  entirely 
absorbed  at  the  N/F2  interface,  see  Fig.2a.  For  small  precessional  angles  the  spin  current  is  almost 
entirely  transverse.  This  means  that  the  N/F2  interface  acts  as  an  ideal  spin  sink,  and  provides  an 
effective  spin  brake  for  the  precessing  magnetic  moment  in  FI  [4,  5, 13].  The  spin  momentum  j5pin  which 
is  carried  away  by  the  spin  current  has  the  form  of  Gilbert  damping.  The  resulting  Gilbert  damping  is 
given  by  the  conservation  of  the  total  spin  momentum 
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where  Mtot  is  the  total  magnetic  moment  in  FI.  After  simple  algebraical  steps  one  obtains  an  expression 
for  the  dimensionless  spin  pump  contribution  to  the  damping,  asp, 


Oc8p 


Gap 

7  M9 


=  9t*B 


9U  1  ^ 
AttMs  di 


(6) 


69 


where  dx  is  the  thickness  of  FI,  </Ti  is  the  dimensionless  mixing  conductivity,  and  Gsp  is  the  spin  pump 
Gilbert  parameter,  g  is  the  electron  g-factor.  The  inverse  dependence  of  asp  on  the  film  thickness  clearly 
testifies  to  its  interfacial  origin.  The  layers  FI  and  F2  act  as  mutual  spin  pumps  and  spin  sinks.  For 
small  precessional  angles  the  eq.  of  motion  for  FI  can  be  written  as  [4] 
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where  Mi  is  the  magnetization  vector  of  FI,  im,2  are  the  unit  vectors  along  M1)2,  and  dx  is  the  thicknesses 
of  FI.  The  exchange  of  spin  currents  is  a  symmetric  concept  and  the  eq.  of  motion  for  the  layer  F2  is 
obtained  by  interchanging  the  indices  1  ^  2.  The  third  and  fourth  terms  in  eq.  7  represent  the  spin 
pump  and  spin  sink  of  FI.  The  fourth  term  is  generated  by  the  spin  pump  from  F2.  For  clarity  it  is 
worthwhile  to  point  out  that  the  signs  (+)  and  (-)  in  the  third  and  fourth  terms  in  eq.  7  represent  the 
spin  current  directions  (Fl  -►  F2)  and  (F2  — ►  FI),  respectively. 

The  spin  pump  model  is  a  rather  exotic  theory  to  those  who  are  working  in  magnetism.  One  would 
expect  that  there  is  a  direct  connection  to  a  more  common  concept  which  is  applicable  to  magnetic  mul¬ 
tilayers.  The  obvious  choice  is  interlayer  exchange  coupling.  In  the  past  interlayer  exchange  interaction 
was  treated  only  in  the  static  limit  [14].  Recently  it  was  shown  that  its  dynamic  part  can  create  magnetic 
damping  [4,  13,  15].  One  can  show  that  the  spin  pumping  theory  is  equivalent  to  the  dynamic  response 
of  the  interlayer  exchange  coupling.  Since  the  dynamic  coupling  is  derived  from  the  rf  susceptibility  one 
can  account  for  electron-electron  correlation  effects  in  the  normal  metal  spacer  [13].  It  has  been  shown 
[15]  that  the  Gilbert  damping  is  enhanced  by  the  square  of  the  Stoner  factor  SF  =  [1  -  UN(EF))~l , 

G7-hd  =  Ga-dS%,  (8) 

where  U  is  the  screened  interatomic  Coulomb  interaction  and  N(EF )  the  electron  density  of  states,  per 
atom,  at  the  Fermi  level  in  NM. 

It  is  worthwhile  to  realize  that  the  s  —  d  exchange  relaxation  mechanism  also  applies  to  bulk  ferro- 
magnets,  and  was  evaluated  by  Heinrich  et  al.  [16,  17].  The  Gilbert  damping  in  this  case  is  given 
by 


where  xp  is  the  Pauli  susceptibility  and  r9f  is  the  spin  flip  relaxation  time  of  itinerant  electrons  in  the 
ferromagnet.  It  should  be  noted  that  l/r3f  in  metals  is  proportional  to  the  square  of  the  spin  orbit 
interaction  [16,  17].  Using  Xp  from  Kriesman  and  Callen  [18]  and  raf  from  the  spin  diffusion  length  in 
Current  Perpendicular  to  Plane  (CPP)  GMR  measurements  one  obtains  for  the  bulk  Gilbert  damping 
G  —  5x10  8  anc^  1  xl08s  1  for  Co  and  permalloy  (Py),  respectively,  see  the  details  in  [17],  This 
contribution  is  small  in  Co  but  it  explains  the  intrinsic  damping  in  Py.  Fe  is  expected  to  behave  like  Co. 

One  expects  that  there  has  to  be  an  additional  mechanism  which  depends  explicitly  on  raf .  Its  origin 
can  be  understood  in  the  following  way.  The  mechanism  of  the  interlayer  exchange  coupling  lies  in 
the  itinerant  nature  of  the  electron  carriers  [13].  The  energy  of  electrons  depends  on  the  instantaneous 
orientation  of  the  magnetic  moments,  and  consequently  the  occupation  number  nk  *  of  electronic  states 
having  energy  ek)(T  changes  during  precession  of  the  magnetization,  and  this  results  a  ’’breathing  Fermi 
surface”,  this  concept  was  also  used  in  bulk  materials  [19,  20].  However,  this  redistribution  cannot 
be  achieved  instantaneously.  The  time  lag  between  the  instantaneous  exchange  field  and  the  induced 
moment  in  the  spacer  is  described  by  the  transverse  spin  relaxation  time,  r8/,  which  is  proportional  to 
the  momentum  relaxation  time  entering  conductivity  [21].  In  the  limit  of  slow  precessional  motion  the 
effective  damping  field  can  be  evaluated  [4,  13], 
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where  the  sum  is  carried  out  per  unit  area.  In  this  case  the  damping  field  is  proportional  to  the  spin 
relaxation  time  r8f.  This  mechanism  is  explicitly  dependent  on  the  conductivity  and  it  represents  a 
different  contribution  to  the  non-local  damping  compared  to  the  spin  pumping  mechanism  which  is 
independent  on  raf. 


IV.  DISCUSSION  OF  THE  RESULTS 

The  spin  pumping  and  breathing  Fermi  surface  theories  predict  Gilbert  damping,  which  results  in  a 
strictly  linear  dependence  of  A Hadd  on  the  microwave  frequency.  This  is  indeed  experimentally  observed 
over  a  wide  range  of  microwave  frequencies  [3,  4]. 

The  validity  of  the  spin-pumping  theory  can  be  tested  by  comparing  calculations  using  eqs  7  with  the 
experimental  results.  Fig.2  shows  two  extreme  situations.  In  Fig.  2(a)  the  FMR  fields  in  FI  and  F2  are 
separated  by  a  big  margin.  In  Fig.2(b)  the  FMR  fields  are  same.  In  (a)  one  expects  the  full  contribution 
from  the  non-local  damping.  Aif^d  for  FI  and  F2  should  scale  with  their  respective  1/d  terms.  In  (b)  the 
situation  is  symmetric;  the  net  spin  momentum  current  trough  both  interfaces  is  zero,  and  the  additional 
damping  is  absent.  This  behavior  is  well  demonstrated  in  Fig. lb.  The  good  agreement  between  theory 
and  experiment  clearly  shows  the  validity  of  the  spin  pumping  and  spin  sink  concept  which  is  described  by 
eqs  7.  Even  in  the  absence  of  static  interlayer  exchange  coupling  the  magnetic  layers  are  coupled  by  the 
dynamic  part  of  the  interlayer  exchange.  The  spin  sink  effect  at  the  N/F  interface  starts  to  be  inefficient 
only  when  the  thickness  of  the  normal  metal  spacer  N  becomes  comparable  to  the  spin  diffusion  length 
[22].  Since  the  resistivity  ratio  in  our  structures  is  a  factor  of  two,  see  Fig.4  the  spin  diffusion  length  in 
Au  is  at  least  of  the  order  of  100  nm.  The  static  interlayer  exchange  coupling  vanishes  in  our  samples  due 
to  interface  roughness  on  a  length  scale  of  a  mere  10  ML  (2  nm).  One  should  point  out  that  when  the  N 
metal  spacer  thickness  starts  to  be  comparable  to  the  spin  diffusion  length  then  the  N  spacer  absorbs  a 
part  of  the  spin  current  [23,  24]. 
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FIG.  3:  The  additional  FMR  linewidth,  A Hadd>  as  function  of  the  Au  spacer  thickness  in  20Au/8- 
27Au/16Fe/GaAs(001).  The  samples  with  the  Au  spacer  thickness  between  8  to  16ML  were  grown  separately. 
The  samples  with  the  spacer  thickness  between  17  and  27ML  were  grown  using  a  wedged  Au(001)  layer.  One  can 
see  some  degree  of  variation  in  A Hadd  with  a  period  of  ~  3ML.  These  oscillations  are  marginal. 

The  quantitative  comparison  with  predictions  of  the  spin  pumping  theory  is  very  favorable.  First 
principles  electron  band  calculations  [11]  resulted  in  |  ^l.llxl015cm-2  for  a  clean  Cu/Co(lll)  interface. 
By  scaling  this  value  to  Au  using  eq.4  one  obtains  Gap  =1.37xl08s^1  which  is  only  14%  higher  than  the 
value  measured  at  room  temperature.  This  is  surprising  agreement  considering  the  fact  that  calculations 
of  the  intrinsic  damping  in  bulk  metals  have  been  carried  out  over  the  last  three  decades,  and  yet  they 
have  not  been  able  to  produce  a  comparable  agreement  with  experiments  [17]. 

The  breathing  Fermi  surface  contribution  to  the  Gilbert  damping  is  proportional  to  the  electron  relax¬ 
ation  time  t8 f  of  the  N  metal  spacer,  see  eq.10.  Since  this  contribution  is  using  the  concept  of  interlayer 
exchange  coupling  one  can  expect  some  degree  of  oscillatory  behavior  with  a  changing  spacer  thickness. 
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FIG.  4:  The  temperature  dependence  of  the  additional  FMR  linewidth,  A Hadd,  for  3  differ¬ 

ent  samples:  (a)  20Au/40Fe/14Au/16Fe/GaAs(001),  (*)  20Au/40Fe/40Au/16Fe/GaAs(001),  and  (•) 
20Au/40Fe/100Au/16Fe/GaAs(001).  The  temperature  dependence  of  the  sheet  conductivity,  a,  for  the  (•)- 
sample  is  shown  in  the  dashed  line.  Note  that  the  temperature  dependence  of  A Hadd  is  linear  and  weak  for  all 
samples.  One  can  fit  the  temperature  dependence  by  eq.  11  . 


FIG.  5:  The  slope,  (dA Hadd/dT)>  of  the  additional  FMR  linewidth,  as  function  of  the  spacer  thickness.  The 
slope  was  obtained  for  the  samples  shown  in  Fig.4.  The  solid  line  is  a  spline  fit  to  guide  the  reader’s  eye. 

The  measurements  shown  in  Fig.  3  indicate  that  this  behavior  is  only  weakly  present.  A  better  test  of 
the  breathing  Fermi  surface  contribution  can  be  carried  out  by  measuring  the  temperature  dependence 
of  the  non-local  damping.  One  expects  proportionality  with  the  sheet  conductance  (ra/  ~  ~  a  )  of 

the  N  spacer.  The  temperature  dependence  of  the  sheet  conductance  and  the  additional  FMR  linewidth 
is  shown  in  Fig.  4.  The  temperature  dependence  od  AHa^d  is  linear  and  obviously  does  not  scale  with 
the  conductivity.  This  clearly  indicates  that  the  strength  of  the  breathing  Fermi  surface  contribution  is 
unimportant  in  the  Fe/Au/Fe(001)  samples.  Note,  that  the  slope  of  A Hadd  as  a  function  of  temperature 
increases  with  an  increasing  spacer  thickness.  One  can  fit  the  temperature  dependence  by  the  linear 
function 


Atfadd  =  Slope  -  T  +  AHadd(T  =  0  K).  (11) 

Note,  that  AHadd(T  =  0  K)  is  equal  for  all  measured  Au  spacers.  Fig.  5  shows  the  fitted  slope  as  function 
of  the  spacer  thickness.  One  can  see  that  the  slope  saturates  for  higher  spacer  thicknesses.  This  implies 
that  a  part  of  the  Au  spacers  at  finite  temperatures  decreases  effectiveness  of  the  spin  pump  mechanism 
and  acts  as  an  additional  resistance  in  series  with  the  interface  mixing  resistance  1/tfti-  This  decreases 
the  spin  current  reaching  the  N/F2  interface.  The  additional  resistance  in  Au  decreases  with  decreasing 
temperature  and  becomes  zero  for  T  =  0  K.  Since  the  spin  diffusion  length  in  Au  is  much  bigger  than 
the  Au  spacer  thickness  no  additional  resistance  in  Au  is  expected.  The  linear  temperature  dependence 
^Hadd( T)  can  be  indicative  that  the  Au  resistance  follows  the  temperature  dependence  of  inverse 
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FIG.  6:  (a)  The  FMR  fields  of  the  two  Fe  layers  in  the  GaAs/16Fe/9Pd/40Au/40Fe/20Au(001)  sam¬ 
ple.  (•)  and  (★)  correspond  to  16Fe  and  40Fe,  respectively.  The  measurements  where  carried  out  at 
24GHz.  (b)  shows  the  FMR  linewidth  for  16Fe  in  single  [GaAs/16Fe/9Pd/20Au(001)j  (o),  and  double  layer 
[GaAs/16Fe/9Pd/40Au/40Fe/20Au(001)]  (•)  sample.  We  did  not  analyze  the  FMR  data  around  the  accidental 
crossover  of  resonance  fields  at  110  and  165  degrees,  respectively.  Around  these  points  the  two  FMR  peaks  resulted 
in  a  broad  and  asymmetric  spectrum  not  allowing  one  to  carry  out  a  reliable  analysis. 


susceptibility  (1/x  ~  T)  of  ’’loose  spins”  [1,  25].  The  impurity  Fe  atoms  (loose  spins)  can  be  interdiffused 
up  to  certain  depth  (see  saturation  of  this  effect  with  increasing  Au  spacer  thickness  in  Fig.  3)  around  the 
Fl/N  interface  by  surfactant  Arsenic  during  the  deposition  of  Au  on  Fl  [7].  Using  this  picture  one  can 
argue  that  the  temperature  dependence  of  AHadd(T)  in  Fig.  3  could  be  a  consequence  of  " loose  spins” 
which  contribute  to  the  impedance  of  the  spin  pumping  mechanism.  It  is  worthwhile  to  note  that  the 
measured  value  of  G8„  =1.4xl08s-1  at  T  =  0  K  is  very  close  to  that  estimated  from  the  spin  pumping 
theory,  Gsp  =1.37xl(rs"1. 

The  dynamic  exchange  coupling  theory  [13],  includes  the  Stoner  enhancement  factor,  see  eq.8.  Our 
recent  results  using  20Au/4Pd/[Fe/Pd]5/14Fe/GaAs(001)  single  and  20Au/40Fe/40Au/4Pd/[Fe/Pd]5- 
/14Fe/GaAs(001)  double  layer  samples,  see  [13],  show  a  strong  evidence  for  the  Stoner  enhancement 
factor.  This  structure  incorporates  a  magnetic  [Fe/Pd]s  superlattice  with  5  repetitions  of  a  [lFe/lPd]  unit 
cell.  The  N  metal  spacer  is  4Pd40Au(001).  The  additional  FMR  linewidth  along  the  cubic  crystallographic 
axes  was  enhanced  by  as  much  as  a  factor  of  four,  see  [4,  13]  and  is  significantly  bigger  than  that  expected 
from  the  simple  spin  pumping  mechanism.  It  turns  out  that  one  can  get  the  same  enhancement  in  non¬ 
local  damping  using  a  simple  GaAs/16Fe/9Pd/40Au/40Fe/20Au(001)  double  layer  structure,  see  Fig.  6 
where  the  [Fe/Pd]5  superlattice  is  replaced  by  5  atomic  layers  of  Pd.  In  this  case  the  single  layer  structure 
is  GaAs/16Fe/9Pd/20Au(001)  and  shows  no  enhanced  damping,  see  Fig.  6.  The  metallic  Pd  is  known  to 
exhibit  a  strong  Stoner  enhancement  in  the  dc  susceptibility  [26] .  The  Fermi  surface  of  Pd  is  not  spherical 
and  can  lead  to  a  significant  angular  dependence  of  the  Stoner  enhancement  factor  which  satisfies  the 
(001)  symmetry  of  our  samples,  see  Fig.  6.  These  results  clearly  show  that  electron  correlation  effects  in 
normal  metal  spacers  have  to  be  considered. 


V.  CONCLUSIONS 

We  have  shown  that  non-local  damping  by  the  transfer  of  spin  momentum  can  be  realized  in  magnetic 
multilayer  films.  This  effect  is  significant  in  ultrathin  films.  Theoretical  models  were  presented  for  the 
non-local  damping.  It  has  been  demonstrated  that  the  non- local  interface  Gilbert  damping  in  magnetic 
multilayers  is  well  described  by  the  concept  of  spin  pumps  and  spin  sinks.  It  has  been  shown  that  this 
effect  is  directly  related  to  the  dynamics  of  the  interlayer  exchange  coupling.  By  proper  engineering  of 
multilayer  structures  one  can  create  magnetic  damping  which  significantly  surpasses  that  in  the  bulk 
materials. 
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ABSTRACT 

Microwave  response  near  zero  magnetic  field  was  observed  in  YAIO3  and  CaYAlC>4 
crystals  dilutely  doped  with  Mn  in  concentration  ranging  from  0.05  to  2  atomic  %.  The  response 
is  due  to  non-resonant  microwave  absorption,  which  co-exists  with  normal  electron  paramagnetic 
resonance  (EPR)  absorption  due  to  different  paramagnetic  valence  states  of  manganese.  Mn  + 
and  Mn4+  charge  states  were  identified  in  Mn-doped  YAIO3,  and  Mn2+,  Mn4+  and  Mn5+  in  Mn- 
doped  CaYA104.  The  low  field  response  has  the  opposite  phase  with  respect  to  the  paramagnetic 
absorption.  This  shows  that  Mn-doped  YAIO3  and  CaY AIO4  exhibit  magnetically  induced 
microwave  absorption,  which  has  a  minimum  at  zero  magnetic  field  and  increases  with  the 
applied  magnetic  field.  This  effect  is  similar  to  microwave  magneto-resistance  effects  observed 
in  manganite  perovskites,  where  spin-dependent  electron  tunneling  occurs  between 
ferromagnetically  coupled  manganese  ions  in  different  valence  states.  We  show,  however,  that  in 
the  present  case  of  diluted  paramagnetic  systems,  magneto-induced  microwave  losses  are  due  to 
intramolecular  spin-dependent  tunneling,  where  central  paramagnetic  ion  does  not  change  its 
charge  state  and  spin-dependent  charge  migration  occurs  in  the  first  coordination  sphere  of 
paramagnetic  ion.  Evidences  are  presented  that  this  ion  is  Mn2+  exhibiting  the  highest  electron 
spin  S  =  5fL. 

INTRODUCTION 

Recent  discoveries  of  manganese  based  single  molecular  magnets,  exhibiting 
magnetization  tunneling,  inspire  the  search  for  manganese  doped  insulating  materials,  where 
similar  spin-dependent  tunneling  may  occur  within  paramagnetic  dopant  ion  and  be  accompanied 
by  charge  displacement  current.  Since  the  displacement  current  is  one  of  the  sources  of 
microwave  losses  in  materials,  the  search  for  spin -dependent  tunneling  in  insulating  materials 
can  be  realized  through  the  investigation  of  their  microwave  dielectric  properties. 

Study  of  microwave  dielectric  properties  of  rare-earth  aluminates  is  of  interest  for  their 
potential  applications  as  dielectric  resonators  and  substrates  for  high  temperature 
superconductors  (HTSC)  [1].  In  particular,  yttrium  orthoaluminate  YAIO3  was  suggested  as  a 
substrate  material  for  microstrip  antennas  utilizing  HTSC  thin  films  [I],  Study  of  the  mechanism 
of  the  charge  carrier  mobility  is  important  in  understanding  of  unique  dielectric  properties  of 
insulators  like  rare-earth  aluminates.  YAIO3  doped  with  manganese  has  been  shown  to  be  a 
potential  material  for  holographic  and  data  storage  [2].  The  high  holographic  recording 
efficiency  in  Mn-doped  YA103  may  imply  non-centrosymmetric  charge  distribution.  Then 
microwave  properties  associated  with  charge  displacement  current  can  be  expected  in  the  crystal. 

Microwave  losses  associated  with  spin -dependent  tunneling  can  be  measured  by  means 
of  microwave  response  with  the  applied  magnetic  field,  as  it  was  demonstrated,  for  example,  in 
manganites  [3,4].  Changes  in  electron  transport  characteristics  of  materials  in  external  magnetic 
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fields  are  of  great  fundamental  and  practical  interests.  Externally  applied  magnetic  field  may 
dramatically  change  properties  of  the  materials  from  insulators  to  conductors,  for  example  in 
manganite  perovskites  [5-7].  The  large  magneto-resistance  effect  in  manganite  perovskites  is 
presently  explained  by  the  enhanced  electron  hopping  migration  occurring  via  double-exchange 
mechanism  in  mixed  valence  Mn3+-0-Mn4+  structures  and  additional  magnetic  coupling  energy 
that  provides  ferromagnetism  [5],  Thus,  magneto-resistance  effects  are  usually  considered  in 
materials  containing  highly  concentrated  transition  metals,  as  a  result  of  coupling  between  metal 
ions  in  different  valence  states.  Accordingly,  microwave  magneto-resistance  effects  have  been 
studied  so  far  in  materials  containing  transition  metals  as  major  components. 

The  purpose  of  this  study  is  to  show  that  microwave  magneto-resistance  effects  may 
occur  in  an  insulator  dilutely  doped  with  a  transition  metal.  Since  there  is  no  possibility  for 
ferromagnetic  coupling  between  largely  separated  dopant  ions,  the  spin-dependent  transport  may 
take  place  only  within  a  coordination  sphere  of  the  paramagnetic  dopant  ion.  In  this  paper  we 
present  the  observation  of  microwave  losses  induced  by  low  magnetic  field  in  Mn-doped  YAIO3 
and  CaYA104. 

EXPERIMENTAL  DETAILS 

Mn-doped  YAIO3  and  CaYA104  crystals  were  grown  by  the  Czochralski  technique  in  an 
iridium  cmcible  under  nitrogen  ambient  atmosphere  with  up  to  0.5%  of  oxygen.  99.999%  purity 
chemicals  were  used.  Manganese  in  Mn:YA103  was  introduced  in  the  melt  at  0.05  and  0.5 
atomic  %  (with  respect  to  Al)  in  the  form  of  MnC>2.  The  crystals  were  pulled  along  the  c 
direction  of  the  orthorhombic  unit  cell.  The  pull  rate  was  maintained  at  1 .5  mm/h  and  the  rotation 
rate  at  15  rpm.  In  order  to  alter  manganese  valence  state,  three  Mn:YA103  crystals  were  co¬ 
doped  with  cerium  in  the  concentration  of  0.05, 0.1  and  0.5%  and  one  crystal  was  co-doped  with 
cerium  and  calcium  (both  dopant  concentrations  of  0.5%).  Cerium  and  calcium  were  added  in  the 
melt  as  Ce02  and  CaC03,  respectively.  Manganese  in  Mn:CaYA104  was  introduced  in  the  melt 
at  0.1, 0.5  and  2.0%  in  the  form  of  M11O2. 

Electron  paramagnetic  resonance  (EPR)  spectra  and  microwave  losses  (non-resonant 
microwave  absorption)  of  the  crystals  were  recorded  by  Bruker  EMX  spectrometer  operating  at 
~9.6  GHz.  EPR  spectra  were  recorded  at  77  K  in  liquid  nitrogen  and  in  the  temperature  range  90- 
300  K  using  Bruker  BVT  3000  liquid  nitrogen  temperature  control  system 

DISCUSSION 

Low  field  microwave  response  and  EPR  of  Mn-dooed  YAKL 

Single  crystal  and  powder  sample  EPR  spectra  of  Mn:YA103  were  studied  in  Ref.  [8], 
Two  paramagnetic  charge  states  of  manganese,  Mn2+  (total  electron  spin  S  =  5/2)  and  Mn4+  (S  = 
3/2)  were  identified.  Comparison  of  the  ionic  radii  of  dopants  and  host  cations,  as  well  as  optical 
spectroscopic  studies  [2, 9,  10]  show  that  Mn2+  and  Mn44  are  located  in  yttrium  and  aluminum 
sites,  respectively.  In  this  part  of  the  paper  we  discuss  the  observation  of  a  new  sharp  line 
centered  at  zero  magnetic  field  in  addition  to  previously  observed  EPR  signal.  We  have 
observed  this  line  by  sweeping  magnetic  field  through  the  zero  value  (zero  field  crossing)  and 
using  considerably  higher  values  of  microwave  irradiation  power  (figure  1).  As  it  can  be  seen 
from  figure  1,  the  shaip  zero  field  signal  has  the  opposite  phase  relative  to  paramagnetic 
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Figure  1.  Polycrystalline  EPR  spectra  of  0.5%Mn:  YA103  recorded  at  77  K  and  different  values 
of  microwave  power:  (a)  P  =  2  mW,  (b)  P  =  200  mW. 

absorption  due  to  Mn2+  and  Mn4+.  It  means  that  the  low  field  microwave  absorption  is  a 
minimum  at  zero  field  and  rapidly  increases  with  the  applied  magnetic  field.  This  feature  of  the 
low  field  response  is  similar  to  the  non-resonant  microwave  absorption  commonly  observed  in 
HTSC  materials,  where  this  absorption  may  co-exist  with  normal  paramagnetic  absorption  due  to 
paramagnetic  ions. 

The  following  experimental  observations  further  distinguish  the  zero  field  microwave 
response  from  the  resonant  paramagnetic  absorption.  Figure  2  shows  the  dependence  of  the 
signal  line  amplitudes  of  the  different  parts  of  the  overall  EPR  spectrum  upon  microwave  power 
and  temperature.  At  295  K  (figure  2,  a)  with  the  microwave  power  P  ranging  from  0  to  200  mW 
the  zero  field  signal  does  not  saturate  in  contrast  to  the  rest  of  the  overall  EPR  signal,  which  is  a 
superposition  of  paramagnetic  absorption  due  to  Mn2+  and  Mn4\  The  saturation  curve  for  Mn2+ 
goes  through  a  maximum  and  then  the  Mn2+  signal  decreases  at  higher  microwave  power,  which 
is  a  characteristic  of  the  homogeneously  broadened  line  [11].  The  saturation  curve  for  Mn4+ 
shows  that  its  paramagnetic  absorption  is  characterized  by  inhomogeneously  broadened  line 
[11],  which  can  be  explained  by  a  slight  distribution  of  spin  Hamiltonian  parameters  for  Mn4+. 

At  77  K  the  saturation  curve  for  Mn44  signal  retains  its  form  of  a  plateau  as  it  does  at  295  K.  In 
the  case  of  Mn2+,  the  paramagnetic  signal  rapidly  reaches  its  maximum  with  increasing  the 
microwave  power,  and  is  significantly  suppressed  down  to  20%  of  the  maximal  value  (figure  2, 
b).  Such  significant  drop  of  the  Mn2+  paramagnetic  signal  also  causes  the  decrease  in  the 
intensity  of  the  zero  field  response.  This  implies  that  the  low  field  microwave  absorption  is 
correlated  with  spin  polarization  of  Mn2+. 


Figure  2.  The  effect  of  microwave  power  P  on  the  EPR  and  zero  field  signal  amplitudes  in 
0.5%Mn:YA103  at  295  K  (a)  and  77  K  (b). 
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It  was  shown  in  Ref.  [8]  that  co-doping  of  the  YAIO3  crystal  with  Ce  decreases  the 
amount  of  Mn4+  due  to  its  reduction  to  Mn  4  and  results  in  the  disappearance  of  the  Mn44  EPR 
spectrum.  In  this  crystal  we  further  found  that  both  Mn2+  EPR  signal  and  low  field  response  are 
not  affected  by  the  presence  of  Ce.  Co-doping  of  the  YAIO3  crystal  with  Ca  simultaneously 
increases  the  EPR  signal  due  to  Mn2*  ion  and  the  low  field  microwave  response. 

Therefore  the  above  data  show  that  the  low  field  microwave  response  is  related  to  the 
Mn2*  ion,  although  the  response  cannot  be  described  as  a  paramagnetic  signal. 


Low  field  microwave  response  and  EPR  of  Mn-doped  CaYAlCL 


In  the  crystal  structure  of  CaYA104  [12],  aluminum  ions  are  octahedrally  coordinated  by 
oxygen  atoms.  Calcium  and  yttrium  ions  are  statistically  distributed  in  lattice  positions 
surrounded  by  nine  oxygen  atoms.  EPR  spectra  of  Mn-doped  CaYA104  crystals  are  shown  in 
figure.  3.  The  reversed  phase  microwave  response  centered  at  zero  magnetic  field  is  observed  in 
addition  to  the  normal  EPR  spectrum  with  five  spectral  components  (marked  with  vertical  arrows 
in  figure  3,  b)  of  the  fine  structure  due  to  Mn2*  (5  =  5/2)  and  some  weaker  components  of  the 
fine  structure  due  to  Mn4+  (5  =  3/2).  The  latter  is  distinguishable  only  by  the  low  field  part  of  the 
three-component  fine  structure  in  the  EPR  spectrum  of  Mn44.  This  feature  of  the  EPR  spectrum 
of  Mn4+  in  CaYA104  is  similar  to  that  observed  for  the  Mn4*  ion  in  YAIO3  [8]  and  implies  that 
Mn4*  occupies  octahedral  aluminum  site.  In  the  case  of  CaYA104,  the  EPR  spectra  show  that 
manganese  is  predominantly  present  in  the  form  of  Mn2*  and,  apparently,  occupies  the  Ca2*  site 
with  no  need  for  the  charge  compensation.  The  orientation  dependence  of  the  position  of  fine 
structure  components  of  the  Mn  *  ion,  obtained  by  the  two-axis  rotation  of  the  crystal  in  the 
external  magnetic  field,  is  consistent  with  the  tetragonal  lattice  symmetry  of  the  CaYA104  crystal 
[12],  The  central  component  of  the  fine  structure  is  related  to  the  spin  -1/2  <-+  +1/2  transition  and 
less  sensitive  to  the  crystal  orientation.  It  has  a  distinct  six  line  hyperfine  structure  due  to 
interaction  of  the  unpaired  electron  with  the  55Mn  nucleus  (nuclear  spin  /  =  5/2).  The  other 
components  of  the  Mn2*  fine  structure  exhibit  sufficient  broadening  due  to  the  distribution  of 
zero  field  splitting  parameters,  which  is  the  result  of  the  distribution  of  the  crystal  field  in  the 
disordered  Ca2*  site  in  CaYA104. 

Compared  to  Mn:YAlC>3  crystals,  the  low  field  microwave  response  in  Mn:CaYA104  is 
detectable  at  higher  temperatures  and  lower  values  of  microwave  power.  Since  at  the  same 
doping  level  of  manganese  in  both  crystals  the  amount  of  Mn2*  ions  in  Mn:CaYAl04  is  much 
greater  than  in  Mn:YA103,  we  can  conclude  that  the  low  field  microwave  response  is  due  to 
Mn  *.  Moreover,  the  shape  of  the  low  field  microwave  response  is  identical  in  both  crystals, 
although  the  zero  field  splitting  parameters  for  Mn2*  are  different  by  an  order  of  magnitude. 


Figure  3.  EPR  spectra  of  0.5%Mn:CaYA104  recorded  at  77  K  and  P  =  200  mW  for 
polycrystalline  sample  (a),  and  single  crystal  (b).  The  single  crystal  was  oriented  such  that  c  and 
a  crystal  axes  were  respectively  perpendicular  and  parallel  to  the  external  static  magnetic  field. 
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A Ms  -  ±2  transition  for  Mn5+ 


Figure  4.  Single  crystal  EPR  spectra  of  0.5%Mn:CaYA104  recorded  at  90  K,  P  =  200  mW  with 
normal  (Bi  1  Bo)  and  parallel  (Bj  ||  Bo)  polarization  of  microwave  field.  Crystal  orientation  was 
as  follows:  c  ± Bo,  a* Bo  =  40°. 

In  figure  4,  we  compare  single  crystal  EPR  spectra  of  Mn-doped  CaYA104  that  were 
recorded  using  normal  polarization  (Bi  1  Bo)  of  the  magnetic  component  of  microwave  Bj  with 
respect  to  static  external  magnetic  field  Bo,  and  parallel  polarization  (Bj  ||  Bo).  Normal 
polarization  detects  allowed  A Ms  =  ±1  spin  transitions.  These  transitions  are  not  usually  seen  for 
manganese  charge  states  with  integer  electron  spin,  e.g.  Mn3+  (5  =  2)  and  Mn5+  (5  =  1),  while  in 
some  cases  these  ions  can  be  identified  by  parallel  polarization  that  detects  “forbidden”  A Ms  - 
±2  transitions.  We  observed  this  transition  (figure  4)  in  Mn-doped  CaYA104  single  crystal.  The 
crystal  orientation  dependence  analysis  of  this  transition  shows  that  it  is  due  to  Mn5+. 

Experimental  details  and  results  on  EPR  of  Mn5+  in  CaYA104  will  be  reported  elsewhere. 
However,  at  this  stage  of  our  discussion  we  refer  to  figure  4  and  note  that  the  low  field 
microwave  response  (zero  field  signal)  is  not  sensitive  to  mutual  orientations  of  microwave  and 
static  magnetic  fields  as  much  as  resonant  paramagnetic  absorption.  This  finding  confirms  the 
non-resonant  nature  of  the  low  field  microwave  absorption. 

Model  of  spin-dependent  charge  migration  in  the  vicinity  of  Mn2*  as  a  source  of 
magnetically  induced  microwave  losses 

The  presence  of  non-resonant  absorption  in  YAIO3  and  CaYA104  with  the  concentration 
of  Mn  as  low  as  0.1%  does  not  allow  assumptions  about  ferromagnetic  or  exchange  coupling 
between  manganese  ions  with  different  charge  states,  that  were  used  for  explanation  of  magneto¬ 
resistance  in  manganite  perovskites  [5-7],  Therefore,  the  observed  effect  cannot  be  related  to 
changes  in  d.c.  conductivity  of  the  yttrium  aluminates,  but  should  be  considered  as  the 
enhancement  of  microwave  dielectric  losses  associated  with  charge  displacement  current. 

Based  on  local  non-centrosymmetric  environment  of  Mn  ions  in  YAIO3  [2],  we  assume 
that  coordination  sphere  of  Mn+2  ion  is  characterized  by  a  non -zero  electric  dipole  moment  due  to 
partially  covalent  bond,  Mn+2'6-CT2+8,  between  manganese  and  one  of  the  oxygen  atoms  in  its 
coordination  sphere.  If  the  external  magnetic  field  is  applied,  it  will  reduce  fluctuation  of 
unpaired  electron  spins  and  align  them  in  one  direction,  so  that  electron  can  tunnel  from  one 
oxygen  atom  to  another  without  the  change  of  the  total  spin  of  the  system, 
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0'2(ti)...Mn+2'8(tttt...t4...t)0'2+8  0'2+8  (T...TI...TTTT)Mn+2'8  ...02(U)  (1) 


In  this  case  the  dielectric  loss  will  increase  due  to  the  additional  tunneling  migration  of  the 
charge  +5.  This  additional  transfer  mechanism  exists  via  p-d  exchange  type  integral  between  Mn 
and  O  atoms  described  by  Anderson  and  Hasegawa  [13].  Further  studies  on  the  low  field 
microwave  absorption  in  diluted  paramagnetic  systems  will  be  performed  in  near  future  to 
develop  a  quantitative  model  of  spin-dependent  tunneling  (1). 

CONCLUSIONS 

We  have  observed  magneto-induced  non-resonant  microwave  absorption  caused  by 
dilutely  dissolved  paramagnetic  manganese  ions  in  insulating  YA103  and  CaYA104  crystals.  This 
phenomenon  is  described  in  terms  of  spin-dependent  dielectric  loss  or  microwave  magneto¬ 
resistance  that  derives  from  the  tunneling  charge  migration  between  oxygen  atoms  via  the  Mn2+ 
ion  exhibiting  the  highest  effective  electron  spin  S  =  5/2.  The  spin-dependent  tunneling  described 
in  the  present  work  results  in  a  distinct,  detectable  response  in  the  low  magnetic  field  region, 
which  makes  Mn-doped  insulating  yttrium  aluminates  potential  materials  for  spin  electronics. 
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Abstract 

For  antiferromagnetically  coupled  Fe/Cr(100)  multilayers  the  low  field  contribution  to 
the  resistivity,  which  is  caused  by  the  domain  walls  (DWs),  is  strongly  enhanced  at 
low  temperatures.  The  low  temperature  resistivity  increases  approximately  according 
to  a  power  law  with  the  exponent  0.7-1 .  This  behaviour  can  be  explained  by  the 
suppression  of  anti-localization  effects  by  the  nonuniform  gauge  fields  caused  by  the 
domain  walls.  Analyses  of  complex  low  frequency  magnetic  susceptibility  shows  an 
enhancement  of  the  magnetic  losses  at  low  magnetic  fields,  which  may  be  related  to 
the  AC  field  induced  DWs  movement.  At  low  temperatures  (T<1 00K)  DWs  become 
pinned.  For  frequencies  (102<f<  103)  Hz  at  temperatures  below  1 0K,  this  hysteretic 
low  field  peak  in  the  magnetic  losses  transforms  to  a  non-hysteretic  dip  for  |H|<  20 
Oe,  indicating  a  possible  qualitative  change  in  the  dynamics  of  the  DWs.  The 
frequency  dependence  of  the  dissipation  at  2K,  may  be  reasonably  well  fitted  by  the 
expression  that  describes  the  losses  of  a  damped  oscillator  with  a  single  relaxation 
time  of  about  10'4  sec. 

Introduction 

Influence  of  the  domain  walls  and,  in  general,  non-uniform  magnetic  fields  (in 
the  following-DWs)  on  the  electron  transport  and  low  frequency-  low  field  magnetic 
dynamics  are  related  physical  properties  of  magnetoelectronic  devices.  Their 
knowledge  is  essential  both  for  fundamental  physics  [1]  and  possible  applications. 
Although  the  number  of  DWs  was  controlled  and  directly  observed  in  Fe  [3]  and  in  Co 
films  [4]  at  room  temperature,  where  DW  formation  is  relatively  well  understood,  no 
clear  picture  has  emerged  allowing  to  explain  the  results.  The  anisotropic 
magnetoresistance  (AMR)  dominates  the  low  field  magnetoresistance  and 
complicates  the  extraction  of  the  true  DW  contribution  to  the  resistivity  [5].  In  order  to 
minimize  the  AMR  contribution,  thin  films  with  reduced  magnetization  and  special  DW 
configuration  have  been  studied  [6].  Apart  from  the  ballistic  contribution  to  the  DW 
magnetoresistance  [7],  quantum  interference  also  affects  the  electron  transport 
through  DWs  [8,9]. 

Antiferromagnetically  (AF)  coupled  magnetic  multilayers  (MMLs)  are  systems  with 
reduced  magnetization  and  consequently  a  strongly  suppressed  AMR.  At  high 
temperatures,  weak  pinning  of  the  DWs  in  the  MMLs  may  reduce  DW 
magnetoresistance.  For  fixed  magnetic  field  the  DW  magnetoresistance  may  then 
emerge  only  at  sufficiently  low  temperatures  where  DWs  become  strongly  pinned  and 
their  configuration  is  not  affected  by  thermal  fluctuations  or  by  the  applied  electric 
current.  In  this  situation,  a  combined  study  of  static  and  dynamic  properties, 
complemented  by  electron  transport  investigation,  may  give  important  new 
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information  about  properties  of  MMLs,  practically  unexplored  up  to  now  in  the 
magnetic  field  region  where  formation  and  propagation  of  DWs  is  expected.  In  this 
paper  we  report  on  a  detailed  study  of  the  DC  magnetization,  ac  magnetic 
susceptibility  and  low  field-low  temperature  magnetoresistance  of 
antiferromagnetically  coupled  [Fe/Cr(100)]i0  multilayers  at  different  frequencies  below 
1  04Hz,  magnetic  fields  below  300  Oe  and  at  temperatures  down  to  2K.  Experimental 
details  about  sample  grows  and  measurement  techniques  may  be  found  in  [10,1 1]. 

Magnetic  losses  in  Fe/Cr  multilayers 

The  main  part  in  Figure  1  expands  the  low  field  dependence  of  the  imaginary 
(in  semi-  logarithmic  scale)  contribution  of  the  magnetic  susceptibility  in 
[Fe(30A/Cr(13A)]10  MML  measured  at  300,  20  and  5K.  Detailed  comparison  of  the 
real  and  imaginary  response  may  be  found  in  [10].  At  high  temperatures  (T>100K), 
independently  of  the  applied  ac  drive  field  (acdf  =2-8  Oe),  both  real  (*' )  and 
imaginary  (x" )  contributions  to  magnetic  susceptibility  show  hysteretic  dependence 
on  the  magnetic  field  with  the  maxima  of  the  losses  at  H  <  30  Oe.  The  observed 
maxima  can  be  naturally  explained  by  the  formation  of  small-scale  magnetic 


Figure  1.  Imaginary  contributions  to  the  magnetic  susceptibility  of  a  [Fe(30A/Cr(13 
A)] io  multilayer  measured  at  987  Hz  with  acdf=4  Oe  and  at  3  different  temperatures. 
The  insert  shows  the  out  of  phase  contributions  to  the  magnetic  susceptibility  of 
[Fe(30A/Cr(13  A)]i0  multilayer  measured  at  987  Hz  with  acdf=4  Oe  and  at 
temperatures  2  and  7K.  Orientation  of  the  magnetic  field  is  along  (110). 
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structures  repeatedly  observed  in  MML.  Presence  of  the  domain  structure  for  the 
same  sample  was  demonstrated  by  using  magnetic  force  microscopy  [1 1 ,12], 

More  interesting  is  the  dependence  of  the  losses  on  temperature  variations.  We 
refer  here  to  the  hysteretic  maximum  in  losses  in  low  magnetic  fields.  Lowering  the 
temperature  from  300K  to  about  10K,  the  losses  show  weak  maximum  at  about  250K 
and  then  strongly  decrease  below  about  100K  (see  Figure  1).  Below  10K  we  do  not 
observe  any  hysteretic  maximum.  Interestingly,  at  lower  temperatures  the  losses 
begin  to  increase  (see  inset).  The  losses  at  fixed  field  and  5K  are  higher  than  at 
corresponding  losses  300K  (beyond  the  maxima  observed  at  the  latter  temperature). 
At  2K  they  are  even  higher.  The  character  of  the  dependence  of  the  losses  on  the 
magnetic  field  changes  as  well.  One  more  remarkable  feature  is  an  appearance  at 
lower  temperatures  ( T<7K)  of  a  minimum  in  the  magnetic  losses  at  H=0  (see  inset  to 
Figure  1).  The  frequency  dependence  of  x;/  proves  to  be  very  surprising.  We  studied 
the  frequency  dependence  of  at  T=2K  and  T=10K.  At  higher  temperatures  the  out- 
of-phase  susceptibility  is  too  small  to  investigate  its  frequency  dependence.  The  main 
surprise  is  that  it  exhibits  a  well  pronounced  frequency  dependence  at  T=2K 
(H=50Oe)  and  this  dependence  may  be  reasonably  fitted  by  the  single  relaxation  time 
formula  yp  =Xo<bi/[1  +(gtc)2]  with  x  =2.5*1  O'4  s  (see  Fig.2). 


0  5x1 03  IxlO4 

f  (Hz) 


Fig.2  Frequency  dependence  of  the  dissipation  at  small  nonzero  magnetic  field 
(H=50  Oe)  at  temperatures  T=2K  and  1 0  K.  The  dashed  line  represents  the  fit 
described  in  the  main  text.  Inset:  magnetization  vs.  magnetic  field  for  magnetic  field 
along  (110).  Arrows  show  direction  of  the  displacement  of  2  kinks  when  temperatures 
are  lowered. 
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One  normally  expects  the  response  of  domain  structures  to  be  characterized 
by  a  broad  distribution  of  the  relaxation  times  with  x/;  almost  independent  of 
frequency.  This  seems  to  be  the  case  for  higher  temperatures:  the  frequency 
dependence  of  x/;at  T=10K  is  nearly  nonexistent  with  a  much  broader  maximum 
shifted  to  higher  frequencies.  Note  that  in  the  frequency  range  studied  the  real  part  of 
the  susceptibility  is,  within  a  margin  of  20  percent,  independent  of  f  when  the 
frequency  is  varied  between  3Hz  and  9876  Hz.  Dependence  of  ^  on  the  magnetic 
field  may  be  explained  by  the  model  of  a  single  relaxation  time  [10]. 

In  order  to  investigate  the  relationship  between  the  observed  effects  and  the 
degree  of  antiferromagnetic  coupling,  we  measured  x'  and  x/;  for  the  samples  with 
different  GMR  between  16%  and  220%  [10].  We  found  that  low  temperature 
dependences  x/;are  now  somewhat  different.  While  the  Fe/Cr  sample  with  a  record 
magnetoresistance  (220  %)  among  MMLs  shows  a  behaviour  similar  to  that 
presented  in  Figures  1-2  for  samples  with  GMR  above  60%,  the  low  frequency 
magnetic  response  of  weakly  coupled  Fe  layers  in  non  epitaxial  [Fe/Cr]i0  MML  with 
enhanced  interface  roughness  and  small  magnetoresistance  is  large  for  both  the  real 
and  imaginary  parts  and  shows  strong  hysteresis  in  ^  down  to  2K,  but  not  the  specific 
features  we  found  in  epitaxial  antiferromagnetically  coupled  MMLs  with  GMR  above 
60  %. 

The  static  magnetic  properties  of  [Fe/Cr(100)]io  multilayers  are  also  unusual 
(see  inset  to  Fig.  2).  For  the  magnetic  field  directed  along  easy  axis  (100),  the  DC 
magnetization  shows  hysteresis  which  is  typical  for  system  with  magnetization  change 
due  to  thermally  induced  formation  and  propagation  of  domain  walls,  i.e.  coercive 
field  which  increases  as  temperature  decreases  (not  shown  here).  However,  when  the 
magnetic  field  is  directed  along  the  hard  axis,  we  clearly  observe  the  presence  of  two 
coercive  fields  ( inset  to  Fig.  2).  The  first  one  at  small  fields  (  below  25  Oe)  decreases 
when  temperature  is  lowered.  That  is  opposite  to  what  is  expected  for  thermally 
activated  DW  depinning).  The  second  coercive  field  (of  about  100  Oe)  behaves  in  a 
usual  way.  The  low  field  kink,  which  sharpens  and  moves  to  the  zero  magnetic  field  at 
lower  temperatures,  may  be  related  to  zero  field  "dip"  in  magnetic  losses  observed 
below  10K. 

What  could  be  the  reason  behind  such  unusual  behavior  of  the  losses  at  low 
temperatures?  Part  of  the  temperature  evolution  of  the  dependences  /  (H)  might  be 
due  to  the  evolution  of  the  domain  structure  which  remains  basically  unknown  for  low 
temperatures.  However,  the  changes  are  too  drastic  to  be  accounted  for  by  a  variation 
of  the  domain  structure  alone.  It  is,  of  course,  rather  surprising,  that  the  one  relaxation 
time  model  describes  the  main  important  features  of  the  out  of  phase  response  in  a 
multidomain  system.  What  is  the  meaning  of  these  nearly  identical  relaxators?  It  is 
tempting  to  relate  the  decrease  in  the  relaxation  time  to  tunnelling  processes  which 
provoke  a  "chain"  or  a  "shock  wave"  of  other  processes  thus  leading  to  a  rapid 
relaxation  [13].  But,  of  course,  one  has  first  to  understand  why  the  distribution  of  the 
relaxation  times  becomes  so  narrow  at  low  temperatures. 

Low  temperature  magnetoresistance 

Let  us  turn  to  low  field-low  temperature  electron  transport  in  Fe/Cr(001) 
multilayers  at  low  temperatures.  While  our  MFM  measurements  reveal  a  similar 
domain  structure  at  room  [12]  and  helium  temperatures  [1 1],  the  corresponding 
magnetoresistance  curves,  as  shown  in  Fig.  3,  are  very  different.  The  strongly  low 
field  magnetoresistance  is  observed  in  temperature  range  corresponding  to  enhanced 
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Fig.  3  Low  field  magnetoresistance  and  dependence  of  low  field  maxima  in  losses  on 
temperature  ( inset). 


Fig.4  (a)  Temperature  dependences  of  the  resistivity  of  [Fe/Cr]i0  multilayer  at 
different  small  applied  magnetic  fields  along  the  hard  axis,  (b)  Scaling  of  the  DW 
contribution  to  resistivity  normalized  by  the  effective  DW  concentration  plotted  as  a 
function  of  T07.  Dotted  line  presents  temperature  scaling  of  the  normalized  GMR. 
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DWs  pinning  (see  inset  to  Fig.  3  which  shows  dependence  of  low  field  maximum  in 
losses  on  temperature). 

Figure  4a  shows  the  temperature  dependence  of  the  electrical  resistivity  p  for 
an  [Fe(12  A)/Cr(12  A)]i0  MML  for  different  magnetic  fields  (H<  300  Oe).  The  magnetic 
field  is  applied  in  the  plane  of  the  film  and  is  parallel  to  the  current  as  well  as  to  the 
longer  side  of  the  rectangular  (5*25  pm2)  sample  which  is  directed  along  the  (1 1 0) 
axis.  We  determine  the  magnetoresistivity  of  the  DWs  by  subtracting  the  temperature 
dependences  of  the  resistivity  measured  in  the  presence  and  in  the  absence  of  DWs, 
respectively.  In  order  to  separate  the  magnetoresistivity  induced  by  the  GMR  effect 
from  the  magnetoresistivity  induced  by  the  DWs,  we  define  pdw  =p(T,H)-  p(T,Hs)  with 
IHsi  <300  Oe,  where  Hs  is  estimated  field  above  which  appear  the  changes  in  the 
angle  between  magnetic  moments  of  the  layers.  We  find  that,  in  contrast  to  the  GMR, 
the  DW  magnetoresistivity  is  strongly  temperature  dependent  with  no  signal  of 
saturation  at  low  temperatures.  Assuming  that  the  magnetic  field  mainly  changes  the 
effective  DW  concentration  now,  we  expect  Apow  to  scale  according  to  ApDw  =pdw 
(0)-  pdw(T)  ~  nDw  p°dw(T)  with  p°dw(T)  a  function  describing  the  temperature 
dependent  electron  interaction  with  DWs.  Our  data  analysis  reveals  that  the  DW 
resistivity  is  roughly  given  by  Apow  «  nDw  T07  (Fig.4b)  as  long  as  Hs<300  Oe.  We 
have  also  demonstrated  that  neither  the  AMR,  which  depends  on  the  relative 
orientation  of  the  magnetization  and  the  current  I,  nor  the  ordinary  magnetoresistivity 
(caused  by  the  Lorentz  force),  which  depends  on  the  relative  orientation  of  I  and  the 
magnetic  induction  B,  contribute  to  Apow(T)  [1 1], 

We  have  studied  the  low  temperature  scaling  in  DW  magnetoresistivity  for 


Fig.5  Temperature  dependence  of  the  resistance  of  [Fe/Cr(100)]io  in  three  small 
applied  fields  which  does  not  show  any  saturation  to  the  lowest  temperature.  Inset 
shows  the  corresponding  magnetoresistance.  Solid  lines  correspond  to  fits  within 
theory  which  takes  into  account  suppression  of  weak  anti-localization  effect  by  DWs 
[11].  Dashed  line  estimates  GMR. 
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three  other  AF  coupled  Fe/Cr  samples  with  an  Fe  layer  thickness  of  9,  22  and  30A, 
respectively,  and  found  that  Apow follows  approximately  Apow  "P*  scaling  behaviour 
with  exponent  a  gradually  increasing  from  0.7  to  about  1  with  Fe  thickness.  This  may 
reflect  a  change  of  the  exponent  (p)  in  the  temperature  dependence  of  the  phase 
breaking  time  t  **  T^2  which  should  occur  between  "dirty"  (p=3/2)  and "  clean"  (p=2) 
limits  [14].  Fig.  5  shows  low  temperature  low  field  resistance  and  magnetoresistance 
in  [Fe/Cr(100)]i0  multilayer  when  magnetoresistance  varies  almost  linearly  with 
temperature  down  to  1 .9K. 

In  order  to  explain  the  strong  variation  of  the  DW  magnetoresistivity  at  low 
temperatures,  one  can  not  use  the  ballistic  approach  and  has  to  go  beyond  the 
classical  theories  [7].  A  possibility  is  to  link  the  observed  phenomena  either  to 
standard,  disorder  related,  weak  localization  effects  or  to  scattering  by  isolated  spins. 
Our  experimental  results  are  in  conflict  with  both  scenarios.  Both  [8]  and  [9]  predict  a 
destruction  of  weak  electron  localization  by  the  domain  walls,  although  the  details  of 
the  destruction  mechanism  are  different.  Direct  application  of  these  models  results  in 
a  sign  of  the  DW  magnetoresistivity,  which  is  opposite  to  the  sign  of  the 
experimentally  observed  magnetoresistance.  However,  the  sign  of  the  localization 
correction  may  be  reversed  due  to  strong  spin-orbit  (SO)  scattering  (anti-localization) 
[15].  Our  measurements  are  consistent  with  an  anti-localization  effect  in  the  absence 
of  DWs  (H>300  Oe),  which  is  suppressed  in  the  presence  of  DWs  (H=0).  The  fit  of 
experimental  data  to  this  model  shows  that  the  effective  DW  width  LDw  becomes 
about  2.5  times  larger  when  the  magnetic  field  is  increased  from  0  to  200  Oe  [1 1]. 

Conclusions 

In  conclusion,  we  have  shown  that  the  out  of  phase  low  frequency  magnetic 
response  in  antiferromagnetically  coupled  Fe/Cr  multilayers  is  strongly  dependent  on 
temperature,  magnetic  field  and,  at  very  low  temperatures,  on  frequency.  At  T=2K  and 
H=50  Oe  the  frequency  dependence  of  the  losses  can  be  satisfactorily  described 
within  a  single  relaxation  time  scheme.  At  temperatures  below  7K  and  for  the  ac  drive 
frequencies  f  ~1 02-1 03  Hz  we  observed  a  dip  in  the  magnetic  field  dependence  of 
losses  for  fields  H<1 0-1 5  Oe.  The  dependence  of  ^  on  the  magnetic  field  as  well  as 
unusual  dependence  of  one  of  coercive  fields  (small  one)  can  be  interpreted  as  the 
field  dependence  of  the  relaxation  time  which  increases  by  an  order  of  magnitude  as 
the  field  changes  from  H=50  Oe  to  zero.  The  strong  magnetic  field  dependence  of  the 
relaxation  time  at  low  temperatures  might  imply  an  involvement  of  quantum  tunnelling 
phenomena.  At  low  temperatures,  when  domain  walls  are  strongly  pinned,  we 
observed  strongly  enhanced  magnetoresistance.  Temperature  scaling  of  the 
magnetoresistance  indicates  possible  suppression  of  quantum  transport  (weak 
antilocalization)  by  the  domain  walls  at  low  temperatures. 
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ABSTRACT 

In  the  multilayer  system  cobalt  /  copper  at  the  second  antiferromagnetic  coupling  maxi¬ 
mum  (2.  AFM)  with  a  copper  thickness  of  dcu  =  2,2  nm  it  is  possible  to  reduce  magnetoresistive 
hysteresis  by  the  use  of  either  very  thin  Co-layers  or  by  alloyed  magnetic  layers  Co].xCux.  It  was 
possible  to  achieve  values  for  the  giant  magnetoresistance  effect  of  GMR  *  20  %  for  as  prepared 
samples.  A  heat  treatment  was  applied  to  study  the  degeneration  of  the  system.  For  annealing  at 
moderate  temperatures  (Tanneai  <  250°C)  an  increase  up  to  GMR  *  25  %  was  observed.  Annealing 
at  slightly  higher  temperatures  lead  to  an  rapid  decrease  in  the  GMR  effect.  To  study  the  struc¬ 
tural  changes  the  method  of  x-ray  reflectivity  was  utilized  showing  changes  in  interface  rough¬ 
ness  as  well  as  in  bilayer  thickness. 

INTRODUCTION 

Since  the  discovery  of  the  Giant  Magnetoresistance  effect  (GMR)1  there  has  been  great 
effort  to  utilize  it  for  industrial  applications.  The  first  branch  that  used  GMR  based  devices  was 
the  computer  industry.  The  assemblies  are  called  Spin- Valves  and  are  used  in  read  heads  of  hard 
disc  drives.  In  principle  these  devices  consist  of  two  ferromagnetic  films  with  different  coercivi- 
ties  separated  by  a  nonmagnetic  material.  The  thickness  of  the  nonmagnetic  layer  must  be  high 
enough  so  that  there  is  no  magnetic  interaction  between  the  ferromagnetic  layers. 

Another  basic  principle  is  the  use  antiferromagnetically  coupled  multilayers  based  on  Co  and  Cu. 
To  reduce  undesirable  hysteresis  Co  is  often  alloyed  with  Fe2.  Some  alternative  approaches  are 
discussed  in  literature  like  reducing  the  thickness  of  the  magnetic  layer3  or  alloying  the  magnetic 
layer  with  the  material  of  the  spacer  layer4. 

Besides  the  reduction  of  the  hysteresis  the  main  duty  is  to  guaranty  the  capability  of  the  func¬ 
tional  layers  to  withstand  the  high  temperatures  of  complete  production  process  of  a  magnetic 
sensor  (Tstandard  *  300°C)2.  The  equilibrium  phase  diagram5  of  Co  and  Cu  shows  that  the  two 
elements  are  not  miscible  promising  a  relative  stable  layer  configuration  with  no  intermixing. 
Nevertheless  the  preparation  in  UHV  by  sputtering  with  high  energies  may  lead  to  implantation 
of  the  atoms  of  one  species  into  the  layer  of  the  other  element.  As  the  dimensions  of  the  single 
layers  are  in  the  nanoscale  and  the  GMR  is  known  to  be  an  interfacial  effect  the  control  of  the 
interface  structure  and  the  knowledge  of  its  changes  due  to  thermal  annealing  is  of  great  impor¬ 
tance  for  the  successful  application  of  GMR  devices.  There  are  different  approaches  to  obtain  the 
desired  flat  interfaces.  One  is  the  use  of  so  called  buffer  layers  made  of  Fe,  Ni8oFe2o,  or  Ta6  The 
other  is  the  utilization  of  surfactants  like  Pb  or  Ag7,  which  float  on  the  surface  during  the  prepa¬ 
ration  process  and  inhibit  island  like  growth  leading  to  ferromagnetic  pinholes8.  To  enhance  the 
thermal  stability  it  is  suggested  to  alloy  the  spacer  layer  with  a  partially  miscible  element.  This 
should  lead  to  the  formation  of  an  alloy  at  the  grain  boundary  region  of  the  crystallites  of  the 
spacer  layer,  which  should  avoid  the  grain  growth  connected  to  thermal  annealing,  A  method 
combining  surfactant  mediated  growth  and  formation  of  stabilizing  alloys  is  the  use  of  targets 
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consisting  of  Cu,  Ag,  and  Au9.  Ag  is  not  miscible  with  the  other  components  and  has  a  high  sur¬ 
face  tension,  so  it  floats  on  the  surface  through  the  whole  deposition  process.  Au  is  partially  mis¬ 
cible  with  Cu  and  forms  the  desired  interface  alloy  inhibiting  the  grain  growth. 

This  study  is  focused  on  the  annealing  behavior  of  the  basic  Co  /  Cu  system  with  alloyed  mag¬ 
netic  layer  CoixCux  and  varying  thickness  dc0  .  The  magnetoresistive  properties  are  measured  by 
the  standard  four-point  probe,  the  structural  development  is  investigated  by  x-ray  reflectivity- 
techniques. 

EXPERIMENTAL  DETAILS 
Preparation 

The  Coi  xCux  /  Cu  multilayers  were  prepared  by  the  use  of  a  commercial  magnetron  sput¬ 
tering  facility  having  three  positions  for  sputter  cathodes.  The  variation  of  the  Cu  content  in  the 
magnetic  layer  was  possible  due  to  a  triple  configuration  on  one  of  the  cathode-places.  One  of 
these  triple  positions  was  equipped  with  a  target  of  pure  Cu  another  with  pure  Co.  The  Cu  spacer 
layer  was  prepared  by  an  independently  working  cathode  with  another  pure  Cu  target.  The  film 
thickness  was  controlled  by  the  sputtering  power  and  the  residence  time  underneath  each  cath¬ 
ode.  The  substrate  was  a  Si  wafer  with  850  nm  of  thermally  oxidized  Si02.  In  preliminary  ex¬ 
periment  the  copper  thickness  do,  was  varied  to  obtain  the  desired  thickness  for  the  2nd  AFM.  It 
was  found  to  be  dcu  =  2,2  nm.  For  defined  growth  conditions  with  flat  interfaces  a  NigoFe2o 
buffer  layer  with  dbuf  =  4  nm  was  first  deposited  on  the  substrate.  The  base  pressure  was  better 
than  5*10'7  mbar.  The  sputtering  gas  was  Ar  of  a  pressure  of  4*1  O'3  mbar.  The  substrate 
temperature  was  20  °C. 

Two  sets  of  samples  have  been  prepared: 

i)  alloyed  magnetic  layer,  dcocu  =1,5  nm,  0  <  xcu  <  0,48 

ii)  pure  magnetic  layer,  0,5  nm  <  da>  ^  1 ,5  nm 

The  thickness  of  the  spacer  layer  was  dcu  =  2,2  nm  for  all  samples  corresponding  to  the  2nd  AFM. 
The  number  of  bilayers  was  N  =  24. 

Annealing 

The  annealing  was  preformed  in  a  vacuum  furnace  with  a  pressure  of  p  <  1*10‘7  mbar 
with  a  annealing  time  of  taimeai  =  1  h  in  the  temperature  range  of  150°C  <  Tanneal  <  500°C  in  sub¬ 
sequent  annealing  steps.  The  heating-  and  cooling  rates  were  10  K/min. 

Characterization 

The  measurement  of  the  GMR  curves  was  done  by  a  standard  four-point  probe  at  room 
temperature  as  well  on  the  as  prepared  samples  as  on  the  samples  after  each  annealing  step.  The 
sensing  current  was  flowing  in  the  film  plane  (CIP  geometry)  and  was  parallel  to  the  external 
magnetic  field  created  by  an  electromagnet  and  measured  by  a  Hall  probe.  For  a  complete  re¬ 
cording  of  all  significant  values  the  field  was  first  set  to  a  maximum  value  of  +  300  mT  and  was 
lowered  stepwise  to  the  same  negative  value  of  -  300  mT.  From  there  the  same  stepwise  meas¬ 
urement  was  earned  out  to  the  starting  point.  So  it  was  possible  to  determine  the  magnetic  hys¬ 
teresis  exactly. 

X-ray  reflectivity  measurements  were  applied  for  the  characterization  of  the  film  thickness,  inter¬ 
face  roughness  and  periodicity  of  the  multilayered  system.  The  apparatus  (Siemens  D5000)  was 
equipped  with  a  Cu  tube  and  a  secondaiy  monochromator.  The  incident  angle  was  varied 
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Figure  1.  The  GMR  effect  as  a  function  of  annealing  temperature  Tanneai  for  the  system  with 
dcoCu  =  1  ,5nm  and  dcu  =  2,2  nm 

from  0,2°  <  0  <  3°.  A  part  of  the  X-rays  is  reflected  at  the  sample  surface,  another  part  at  inner 
surfaces.  Interference  between  these  reflected  parts  cause  a  characteristic  oscillation  of  the  inten¬ 
sity  depending  on  the  incident  angle  0  (Kiessig-fringes).  The  measured  reflctograms  can  be  ap¬ 
proximated  by  simulated  ones.  The  parameters  of  the  simulations  are  the  electron  density,  the 
thickness  of  the  single  layers  and  the  interface  roughness. 

The  superimposed  bilayer  periodicity  causes  additional  interferences  (Bragg-peaks).  The  position 
0Bragg  allows  the  calculation  of  the  bilayer  thickness. 

DISCUSSION 

Alloying  of  the  magnetic  layers  yielded  to  a  lower  GMR  effect  compared  unalloyed  sys¬ 
tem  (see  Figure  1).  Remarkable  is  the  big  improvement  of  4  %  to  5  %  for  all  systems  due  to  the 
soft  annealing.  The  maximum  GMR  effect  was  observed  for  Tanneai  ~  250°C  -  275°C.  Annealing 
at  higher  temperatures  (Tanneai  ^  300°C)  caused  a  rapid  decrease  in  GMR.  This  limiting  tempera¬ 
ture  was  almost  the  same  for  all  Cu  concentrations. 

The  dependence  of  the  hysteresis  on  the  annealing  temperature  and  the  Cu  concentration  is 
shown  in  Figure  2.  Alloying  of  the  magnetic  layer  with  30  %  of  Cu  leads  to  a  reduction  of  the 
hysteresis  from  6  mT  to  1  mT,  which  is  within  the  specifications.  Annealing  at  temperatures  that 
give  rise  to  the  increase  of  the  GMR  cause  no  significant  change  in  the  hysteresis.  If  the  thresh¬ 
old  of  the  rapid  decrease  is  exceeded  the  hysteresis  is  increasing.  This  increase  is  more  distinct 
for  the  unalloyed  samples  than  for  the  alloyed  one. 

The  results  for  the  unalloyed  system  with  varying  dco  are  presented  in  Figure  3  and  Figure  4.  The 
decrease  in  GMR  due  to  reduction  of  the  thickness  of  the  magnetic  material  is  clearly  visible. 
Even  for  the  thinnest  layer  with  dc0  =  0,56  nm  the  GMR  is  still  -  10  %  whereas  alloying  lead  to 
further  reduction  (GMRmin  ~  7  %  for  xqi  =  45  %)  .  The  lowering  of  the  hysteresis  is  not  as  sig¬ 
nificant  as  in  the  alloyed  case. 
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Figure  2.  Dependence  of  the  hysteresis  on  Tanneai  for  different  Cu -concentrations  in  the  magnetic 
layer  of  the  thickness  dcocu  =  1 ,5  nm  (dc0  =  2,2  nm) 

The  annealed  unalloyed  samples  show  a  similar  rapid  degradation  for  higher  annealing  tempera¬ 
tures.  The  threshold  temperature  of  this  degeneration  is  depending  on  the  thickness  of  the  mag¬ 
netic  layer  dc0*  The  thinner  the  magnetic  layer  the  lower  is  the  limiting  temperature.  An  im¬ 
provement  due  to  soft  annealing  is  also  found  but  is  limited  to  do>  ^  1,02  nm.  The  improve  is 
more  pronounced  for  the  sample  with  the  thickest  magnetic  layer.  If  dco  <  1 ,0  nm  there  is  no  im¬ 
prove  in  GMR.  The  dependence  of  the  hysteresis  on  the  thickness  of  the  magnetic  layer  is  com¬ 
parable  to  that  of  the  GMR  effect.  For  dco  ^  1 ,02  nm  a  drastic  increase  is  observed  if  a  threshold 
temperature  of  Tannea]  «  275°C. 


T  [°C] 

Figure  3.  Dependence  of  the  GMR  effect  on  the  annealing  temperature  Tanneai  and  the  thickness 
of  the  magnetic  layer  dc0  (dCu  =  2,2  nm) 
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Figure  4.  Dependence  of  the  hysteresis  on  the  annealing  temperature  Tamieai  and  the  thickness  of 
the  magnetic  layer  dc0  (dcu  =  2,2  nm) 

The  hysteresis  of  samples  with  thinner  magnetic  layers  is  relatively  stable. 

Since  the  GMR  effect  is  known  to  be  an  interface  phenomenon  the  interface  sensitive  method  of 
X-ray  reflectivity  measurements  has  been  applied  after  selected  stages  of  the  heat  treatment.  A 
sequence  of  the  obtained  curves  is  shown  in  Figure  5  for  the  unalloyed  systems  with 
dco  =  1 ,5  nm.  The  reflectogram  of  the  as  prepared  sample  is  compared  to  the  just  before  the  be¬ 
ginning  of  the  rapid  decrease  and  to  a  sample  which  showed  no  GMR  at  all  after  though  heat 
treatment  at  Tanneai  =  600°C  for  tanneai  =  8  h.  The  X-ray  reflectivity  experiments  reveal  an  increase 
in  bilayer  thickness  due  to  the  soft  annealing  (shift  of  the  Bragg-peak  to  smaller  angels).  The 
increased  intensity  of  the  Bragg  peak  gives  rise  to  the  assumption  that  the  interfaces  between  Co 
and  Cu  have  been  sharpened. 


Figure  5.  X-ray  reflectivity  curves  for  different  stages  of  the  heat  treatment  of  unalloyed  samples 
with  dco  =  1 ,5  nm. 
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The  geometrical  roughness  has  increased  as  indicated  be  the  steeper  decay  of  the  curve  and  the 
less  pronounced  Kiessig  fringes.  The  toughly  treated  sample  shows  no  Bragg-peak  any  more 
meaning  the  total  destruction  of  the  bilayer  structure. 

CONLUSIONS 

Based  on  these  results  and  unpublished  data10, 11  a  model  for  the  development  of  the  mi¬ 
crostructure  and  its  influence  on  the  GMR  effect  is  developed.  In  as  prepared  samples  the  inter¬ 
faces  are  characterized  by  an  intermixing  of  Co  and  Cu  due  to  the  deposition  process.  This 
causes  a  non-optimal  antiferromagnetic  coupling  and  a  comparable  high  basic  resistance.  The 
soft  annealing  initiates  out-diffusion  of  the  atomic  species  at  the  interfaces.  This  process  lowers 
the  basic  resistance  and  improves  the  antiferromagnetic  coupling  and  thus  the  GMR  effect.  This 
phenomenon  occurs  although  the  geometrical  roughness  of  the  interfaces  increases.  Annealing 
above  a  critical  temperature  results  in  the  further  increase  of  the  interface  roughness  and  the  on¬ 
set  of  discontinuities  of  the  interfaces  leading  to  a  decrease  of  the  magnetoresistance. 

It  is  possible  to  reduce  the  hysteresis  by  alloying  Co  with  Cu  or  by  the  use  of  thin  Co-layers.  Es¬ 
pecially  for  thinner  magnetic  layers  a  reduction  of  the  critical  temperature  for  the  onset  of  the 
degeneration  has  been  observed.  The  materials  selection  always  has  to  be  a  compromise  between 
high  GMR,  low  hysteresis,  and  desired  thermal  stability. 
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ABSTRACT 

We  have  performed  both  Hall  effect,  and  magnetoresistance  measurements  on  thin  films  of 
Permalloy  (Py  10  nm)  and  Py(tpy)/Cu(tcu)/Py(tpy)  multilayers  deposited  on  thermally  oxidized  Si 
substrates,  where  tPy=4  and  10  nm  and  tcu=4  and  8  nm.  The  measurements  were  made  at  room 
temperature  in  a  setup  that  allows  us  to  perform  both  Hall  effect  and  magnetoresistance 
measurements.  The  Hall  effect  measurements  were  performed  varying  the  angle,  A0,  between  the 
magnetic  field  direction  and  the  normal  to  the  film  plane  from  0  to  90  degrees.  The  measured 
voltages  present  hysteresis  loops  at  low  magnetic  field  even  for  A0=O°.  From  these 
measurements  we  can  obtain  some  information  regarding  the  magnetic  properties  of  our  samples. 

INTRODUCTION 

Multilayered  structures  consisting  of  ferromagnetic  layers  separated  by  a  nonmagnetic, 
conducting  or  insulating,  spacer  are  very  attractive  for  development  of  magnetic  sensors  and  data 
storage  techniques.  Such  structures  can  exhibit  anisotropic  magnetoresistance  (AMR)  and  giant 
magnetoresistance  (GMR)  effects  and  these  two  give  the  total  magnetoresistance  (MR)  effect. 
The  AMR  effect  leads  to  the  ‘pseudo-,  or  planar  Hall  effect’  (PHE)  [1]  which  has  the  following 
two  characteristics:  (i)  The  output  voltage  measures  an  electric  field  that  is  perpendicular  to  the 
applied  current;  and  (ii)  the  magnetic  field  vector  lies  in  the  plane  of  the  current  and  voltage 
electrodes.  The  field  dependence  of  the  Hall  effect  becomes  more  interesting  when  the  applied 
magnetic  field  is  out  of  the  film  plane.  In  this  paper  we  show  the  good  sensitivity  of  the  PHE 
signal  which  can  be,  together  with  MR  measurements,  a  useful  technique  for  thin  films 
characterization.  To  achieve  this  goal  we  present  the  dependence  of  the  PHE  as  a  function  of  the 
field  at  different  out  of  planes  angles  and  discuss  the  origin  of  the  hysteresis.  To  complete  this 
discussion  we  used  a  micromagnetic  simulator  [2]  to  calculate  the  hysteresis  loop  of  the  sample. 
The  results  are  related  with  the  samples  microstructure. 

EXPERIMENTAL  DETAILS 

Thermally  evaporated  Py  thin  films  and  Py/Cu/Py  multilayers  (MLs)  were  deposited  on  to 
oxidized  Si  substrates  at  room  temperature.  Here  Py  denotes  permalloy  (NigoFe2o).  Two  types  of 
samples  were  obtained  by  this  method:  Si/SiC>2/Py(10  nm)  thin  films  and  Si/SiC>2/Py(tpy)/Cu(4 
nm)/Py(tpy)  magnetic  multilayers  with  tpy=4  and  10  nm.  The  local  surface  topography  was 
studied  using  atomic  force  microscopy  (AFM).  The  magnetization  measurements  have  been 
performed  at  room  temperature  using  a  vibrating  sample  magnetometer  (VSM).  Resistance  is 
measured  in  a  four-point  contact  geometry  with  the  contacts  in  line  or  forming  a  square  of 
approximately  5  mm  each  side.  This  last  setup,  presented  in  figure  1,  allows  us  to  perform  both 
magnetoresistance  and  Hall  effect  measurements. 
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Figure  1.  Schematic  diagram  of  the  connections  used  in  the  planar  Hall  effect  experiments.  Also 
shown  are  the  definitions  of  some  of  the  angles  used  in  the  discussion.  Here,  the  angle  between 
the  current  direction,  I,  and  the  in  plane  magnetic  field,  Hp,  is  a=45Q. 

H  is  the  applied  magnetic  field  which  makes  the  angle  A0  with  respect  to  the  surface  normal  n. 
We  denote  with  Hp,  the  in  plane  component  of  H  and  with  Hn  the  component  of  H  which  is 
normal  to  the  sample  plane.  To  maximize  the  PHE  values  in  these  films,  the  in  plane  component 
of  the  magnetic  field  (Hp)  has  to  be  applied  at  an  angle  a=45Q  to  current  direction,  as  shown  in 
figure  1 .  In  some  cases  the  samples  were  rotated  back  (a=0°)  in  order  to  minimize  the  influence 
of  the  AMR  effect  on  the  Hall  effect  measurements.  In  this  case  the  current,  I,  is  parallel  to  Hp. 

DISCUSSION 

The  AFM  topography  for  a  4  nm  permalloy  thin  film  deposited  on  to  oxidized  Si  substrate 
reveals  a  rough  surface  with  a  rms-roughness  of  1.1  nm.  The  maximum  height  of  the  surface 
roughness  was  about  10.7  nm.  This  is  a  characteristic  for  evaporated  thin  Py  layers  [3,4].  During 
the  first  stage  of  Py  deposition,  isolated  Py  islands  are  formed  on  the  surface.  The  percolation 
occurs  at  Py  thickness  of  about  2  nm  when  the  samples  are  deposited  on  to  Si/SiC>2  substrates  [4]. 
These  facts  suggest  that  the  Py(4  nm)/Cu(4  nm)/Py(4  nm)  sample  presents  distortions  of  the 
multilayer  structure  and  intermixing  between  permalloy  and  Cu  layers.  The  predominant 
conduction  mechanism  is  diffusive  scattering  at  interfaces,  grain  boundaries  and  defects  that  alter 
the  MR  and  Hall  effects.  The  MR  ratio  found  is  no  grater  than  0.08  %.  When  the  Py  thickness 
increases  the  film  becomes  uniform  in  microstructure.  For  a  Py(10  nm)/Cu(4  nm)/Py(10  nm) 

ML,  the  average  roughness  is  very  low,  0.87  nm.  The  average  grain  size,  D,  is  about  15  nm.  The 
Hall  resistivity  is  about  four  times  grater  than  for  the  ML  with  tpy=4  nm.  For  these  reasons 
thermally  evaporated  MLs  with  very  thin  Py  layers  are  not  interesting  for  practical  applications. 

When  the  thickness  of  the  magnetic  film  is  grater  than  5  nm  the  spin-dependent  scattering  of 
the  electrons  takes  place  predominantly  in  the  bulk  of  the  magnetic  layers  and  the 
galvanomagnetic  properties  are  close  related  with  the  magnetic  properties  [5].  We  present,  in 
figure  2,  the  Ri(H)  curve  (longitudinal  MR  effect)  and  the  corresponding  hysteresis  loop  of  a 
Py(10  nm)  thin  film.  The  magnetization  loop  was  calculated  from  the  MR  measurements 
assuming  a  quadratic  dependence  between  the  MR  effect  and  the  thin  film  magnetization. 
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Figure  2.  (a)  Resistance  as  function  of  the  applied  magnetic  field  and  (b)  the  corresponding 
hysteresis  loop  for  an  evaporated  Py(10  nm)  thin  film  when  the  applied  magnetic  field  is  parallel 
with  the  current  direction 


On  the  other  hand  we  have  simulated  the  magnetization  curve  using  a  collection  of  12x12 
single  domains  of  Permalloy.  Each  single  domain  is  an  island  10  nm  thick  and  95  nm  each  side. 
The  distance  between  the  adjacent  domains  is  5  nm.  This  model  was  inspired  from  the  film 
structure.  The  calculations  were  made  using  the  micromagnetic  simulator  SimulMag  [2].  The 
results  of  this  simulation  are  in  good  agreement  with  other  experimental  data  [4],  for  the 
remnant-to-saturation  magnetization  ratio  Mr/Ms^.71,  and  with  the  MR  measurements  for  the 
value  of  the  coercive  field,  Hc=15  Oe.  Also  we  can  see  the  domains  stmctures  in  the 
demagnetizing  state.  The  spin  structure  for  the  coercive  field,  He,  and  the  magnetization  curve, 
when  the  magnetic  field  is  applied  in  the  film  plane,  are  shown  in  figure  3. 


Figure  3.  The  results  of  the  micromagnetic  simulation  for  an  evaporated  Py(10  nm)  thin  film. 
The  magnetic  field  is  applied  in  the  film  plane. 
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The  magnetization  curves  of  the  Py(10  nm)/Cu(4  nm)/Py(10  nm)  multilayer  deposited  by 
high  vacuum  evaporation  displayed  typical  characteristics  of  ferromagneticaly  coupled 
multilayers.  The  GMR  effect  is  less  than  0.05  %.  The  AMR  effect  ratio  is  about  0.5  %.  This 
value  is  much  smaller  than  the  AMR  ratio  in  bulk  samples.  There  are  some  effects  that  may 
contribute  to  this  difference.  First,  the  ML  studied  may  be  structurally  less  well-defined  leading 
to  additional  electron  scattering  at  grain  boundaries  and  other  defects.  Second,  diffusive 
scattering  at  the  outer  boundaries  of  the  film  (dimensionality  effect)  may  affect  the  AMR  ratio. 
Third,  the  Cu  interlayer  may  play  a  shunting  effect.  Again,  using  the  MR  data  we  obtained  the 
magnetization  curve  shown  in  figure  4(a). 

To  simulate  the  magnetization  curve  we  used  two  Py  layers  each  consisting  in  a  collection  of 
10x10  single  domains  of  permalloy.  Each  single  domain  is  10  nm  thick  and  95  nm  each  side.  The 
distance  between  the  adjacent  domains  is  5  nm.  Again,  the  model  was  inspired  from  the  film 
structure.  The  distance  between  the  two  layers  is  the  interlayer  thickness,  tcu=4  nm.  Now  we 
have  to  estimate  the  ferromagnetic  interlayer  coupling.  It  was  shown  [6]  that  the  dependence  of 


the  coupling  constant  J  on  the  Cu-layer  thickness,  for  tcu>1.5-2  nm,  is  well  described  by  the  Neel 
model  for  magnetostatic  interlayer  coupling,  based  on  the  interaction  between  the  dipole  fields 
produced  by  rough  interfaces: 


T  T2  h2  2 
J  —  ^  MoM s  exp 


-2W2r  a, 
X 


(l) 


Here,  X  and  h  are  the  lateral  length  scale  and  amplitude  of  the  roughness,  respectively,  and  Ms  is 
the  saturation  magnetization  (Ms=800  kA/m  or  800  emu/cm3  in  CGS).  In  this  model  the 
roughness  is  assumed  to  be  two-dimensional  and  sinusoidal.  Here,  X  is  determined  by  the  grain 
size.  From  AFM  measurements  [3]  we  have  h=l  .35  nm  and  X=15  nm.  If  we  consider  tcu=4  nm 
the  interlayer  coupling  is  J=0.23  mJ/m2.  For  this  value  the  coupling  field  is  Ho=2457  A/m  (3 1 


Oe).  This  value  is  correct  only  if  we  consider  the  magnetic  layers  completely  separated  by  the  Cu 
spacer.  Because  of  the  Py  bridges  that  exists  trough  the  spacer  the  coupling  may  have  local 
variations  that  exceed  31  Oe.  Between  the  top  and  the  bottom  layers  we  introduced  coupling 
fields  that  have  random  values  from  30  to  60  Oe.  The  results  of  our  calculations  using  the 
micromagnetic  simulator  SimulMag  are  presented  in  figure  4(b). 
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Figure  4.  (a)  The  magnetization  curve  calculated  for  an  evaporated  Py(10  nm)/Cu(4  nm)/Py(10 
nm)  multilayer  from  the  MR  data,  (b)  The  micromagnetic  simulated  magnetization  curve. 
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We  obtained  a  good  agreement  between  the  measured  curve  [3]  and  the  calculated  curves  for  the 
coercive  field  and  the  remnant-to-saturation  magnetization  ratio  values.  For  our  ML  the  ratio 
MMs^OA  is  smaller  than  the  value  Mr/Ms^.7  obtained  for  a  Py(10  nm)  layer.  This  can  be 
explained  by  the  fact  that  in  low  (or  zero)  magnetic  field  the  spins  from  the  two  magnetic  layers 
start  to  rotate  in  a  manner  to  minimize  the  total  free  energy. 

Using  a  setup  presented  in  figure  1 ,  we  performed  Hall  effect  measurements  both  on  Py  and 
Py/Cu/Py  ML.  In  what  follows  we  present,  in  figure  5,  the  results  obtained  for  thermally 
evaporated  Py(10  nm)  layer.  In  figure  5(a)  are  shown  the  field  dependencies  of  the  output 
voltage,  U,  for  different  angles  A0  between  the  applied  field,  H,  and  the  perpendicular  to  the  film 
plane  n.  Here  a=45e  to  maximize  the  AMR  effect.  We  can  see,  in  insert,  the  hysteretic  behavior 
at  low  magnetic  field  for  A0=O°.  It  is  interesting  to  note  that  U(H^))  takes  the  same  values,  in 
figure  5(a),  for  different  orientations  A0  of  the  sample.  This  means  that  the  remnant 
magnetization  of  the  thin  film  takes  the  same  values.  This  assumption  can  be  illustrated  by  a 
simulation  of  the  remnant  magnetization  state  of  the  film  starting  from  the  saturated  state  for 
different  values  of  A0  varying  from  0.5°  to  90°.  The  result  of  our  simulation  is  presented  in 
figure  5(b).  Using  these  observations  we  were  able  to  extract  the  contribution  of  the  AMR  effect 
from  the  measured  voltage  and  to  obtain  the  field  dependencies  of  the  Hall  voltages  for  different 
angles  A0.  Such  dependencies  are  shown  for  A0=(F,  in  figure  5(c)  and  for  A0=5e,  in  figure  5(d). 


Figure  5.  Field  dependencies  of  the  output  voltage,  U,  and  the  Hall  voltage,  Uh,  for  different 
angles  A0  between  the  applied  field,  H,  and  the  perpendicular  to  the  film  plane,  n.  The  arrows 
are  guides  for  the  eyes. 
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The  asymmetry  between  the  positive  and  negative  field  regions  is  probably  due  to  some  other  in¬ 
plane  magnetoresistive  effects  like  the  asymmetry  of  the  AMR  effect  as  we  can  see  from  figure 
5(a).  The  sharp  “anomalies”  of  the  Hall  voltage,  which  appear  in  figure  5(c-d),  can  be  connected 
with  the  reversal  processes  that  take  place  in  the  film  plane  which  produce  a  jump  of  the  AMR 
ratio.  With  He  we  denote  the  critical  values  of  the  field  for  which  the  magnetization  reversal 
takes  place  in  the  film  plane.  Now,  we  can  make  some  assumptions  regarding  the  reversal 
processes  that  take  place  in  the  film.  For  A0=O°  we  see,  in  figure  5(c),  a  relatively  large  transition 
region.  This  suggests  a  reversal  process  mainly  due  to  domain  wall  motion.  As  A0  increases  the 
width  of  the  transition  regions  decreases  as  we  can  see  from  figure  5(d).  For  A0>1O°  the 
magnetization  reversal  will  take  place  mainly  by  coherent  rotation.  This  is  natural  because  of  the 
relatively  large  values  of  the  in  plane  component  of  H.  For  A0=1O°  we  obtained  Hc=108  Oe  and 
for  A0=15°  we  have  Hc=77.3  Oe.  The  same  discussion  can  be  made  for  the  Py(10nm/Cu(4 
nm)/Py(10  nm)  ML.  We  found  an  increase  of  the  He  values  relative  to  the  Py  film  which  is  due 
to  a  positive  coupling  between  the  ferromagnetic  layers.  This  is  the  case  of  die  non-flatness 
layers  [3,4,6].  The  values  of  He  (20  Oe  for  Py  and  60  Oe  for  the  Py/Cu/Py  ML),  when  H  lies  in 
the  film  plane  (A0=9O°),  are  in  very  good  agreement  with  the  values  measured  using  a  VSM. 

When  a=CF  (in  figure  1)  the  Hall  effect  measurements  show  the  usual  behavior  because  the 
influence  of  the  AMR  effect  on  the  measured  voltage  is  minimized.  The  saturation  field  obtained 
for  our  ML,  when  the  magnetic  field  is  applied  normal  to  the  film  plane  is  Hs~6000  Oe.  This 
value  is  less  than  the  value  predicted  from  the  shape  anisotropy  (Hso=47tMs=10.5  kOe)  known 
for  flat  surfaces,  but  is  consistent  with  the  film  surface  topography  [4].  This  reduction  of  the 
perpendicular  anisotropy  can  be  explained  by  a  large  interface  roughness  which  reduces  the 
dipolar  energy  anisotropy  and  leads  to  a  roughness  effect  [4]  of  about  5  nm  for  our  MLs 
evaporated  at  RT  on  to  oxidized  Si  substrates.  These  results  are  in  good  agreement  with  the  AFM 
measurements  and  explain  the  absence  of  the  AF  coupling  between  the  adjacent  Py  layers. 

CONCLUSIONS 

We  used  MR  and  Hall  effect  measurements  to  investigate  the  magnetic  properties  of  the  thin 
films  and  magnetic  multilayers.  Precise  MR  and  Hall  effect  measurement  can  allow  us  to  obtain 
some  useful  information  about  the  magnetization  curve  and  the  reversal  mechanism.  The  absence 
of  the  GMR  effect  in  evaporated  Py/Cu  multilayers  is  caused  by  a  rough  interface.  Using  a 
micromagnetic  simulator  we  were  able  to  obtain  the  magnetization  curves  considering  the  film 
microstructure  and  material  parameters. 
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ABSTRACT 

The  transport  properties  of  Fe(001)/Cr/Fe(001 )  trilayers  are  discussed  with  respect  to  the  influence 
of  transition  metal  impurities  in  form  of  layers.  We  are  able  to  show  that  the  periodicity  of  the  giant 
magnetoresistance  is  directly  influenced  by  the  interlayer  exchange  coupling  (IEC).  Furthermore, 
it  is  observed  that  the  behavior  of  the  IEC  strongly  depends  on  whether  an  impurity  overlayer  of 
Mn  or  V  is  used.  It  turns  out  that  the  size  of  the  GMR  is  only  little  effected  by  3d-transition  metal 
impurities,  which  is  in  agreement  with  the  experimental  findings.  The  electronic  and  magnetic 
properties  of  the  trilayers  have  been  investigated  within  the  fully  relativistic,  spin-polarized  SKKR 
method  and  the  LDA.  The  transport  properties  of  the  Fe/Cr/Fe  systems  have  been  derived  from  the 
fully  relativistic  spin-polarized  Kubo-Greenwood  equation. 


INTRODUCTION 

The  discovery  of  the  giant  magnetoresistance  (GMR)  in  Fe/Cr  multilayers  by  Baibich  et  al  [1] 
and  the  observation  of  the  oscillating  interlayer  exchange  coupling  (IEC)  two  years  earlier  by 
Grtinberg  and  coworkers  [2]  was  the  starting  point  of  many  intense  studies  of  the  electronic  trans¬ 
port  in  these  systems  [3-6].  Recently,  some  effort  has  been  devoted  to  examine  the  IEC  in  Fe/Cr/Fe 
trilayers  with  Mn  impurities  in  the  Cr  spacer  [7].  This  is  interesting,  because  it  is  assumed  that 
the  third  transition  metal  transforms  the  spin  density  wave  of  Cr  into  a  commensurate  AF  state, 
which  in  turn  should  change  size  and/or  phase  of  the  IEC.  However,  the  experiments  of  Heinrich 
et  al.  have  only  been  carried  out  for  transition  metal  overlayers.  Due  to  the  strong  tendency  of  Mn 
to  segregate  to  the  surface  it  was  impossible  to  examine  diluted  CrMn  alloys.  Furthermore,  it  has 
turned  out  that  the  GMR  of  Fe/Cr  multilayers  is  not  much  affected  by  a  thin  overlayer  [8]. 

Here,  we  have  investigated  the  GMR  in  current  perpendicular  to  the  plane  (CPP)  geometry 
and  the  IEC  of  Fe/Cr/Tj/Fe  trilayers  in  terms  of  ab  initio  methods,  whereby  Tx  stands  for  a  single 
monolayer  of  Mn  or  V.  The  influence  of  the  overlayer  has  been  studied  for  varying  thickness  of 
the  Cr  layer.  This  goes  beyond  the  experimental  studies,  which  were  only  carried  out  for  a  Mn 
overlayer  (one  and  two  ML)  and  a  fixed  number  of  Cr  layers  [7].  In  contrast  to  experiment  we 
have  been  able  to  examine  the  case  of  homogeneously  distributed  impurity  atoms  in  the  Cr  spacer. 
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see  Ref.  [9].  However,  here  we  present  results  for  perfect  Mn  or  V  monolayers  on  top  of  the  Cr 
spacer. 


CALCULATIONAL  DETAILS 

We  have  used  systems  consisting  of  two  semi-infinite  Fe  leads,  which  cover  the  actual  spacer 
plus  a  particular  number  of  lead  layers  acting  as  a  buffer.  The  selfconsistently  calculated  part  is 
then  of  the  form 

Fem/Crn/Ti/Fem,  9  <  m  <  11,  2  <  n  <  42,  T  <E  {Mn,  V}. 

The  number  of  buffer  layers  varies,  because  of  the  special  form  of  the  two-dimensional  structure 
constants  [10].  All  calculations  have  been  performed  on  a  bcc  lattice  with  layer  distance  of  5.27 
a.u.  being  the  LDA  value  of  bcc  Fe.  Relaxation  effects  have  not  been  taken  into  account. 

The  electronic  and  magnetic  properties  of  the  above  mentioned  trilayers  have  been  calcu¬ 
lated  within  the  fully  relativistic  spin-polarized  version  of  the  screened  Korringa-Kohn-Rostoker 
(SKKR)  method  for  layered  systems  developed  by  Szunyogh  et  al.  [10, 11],  The  calculations  have 
been  performed  within  the  atomic  sphere  approximation  (ASA)  and  the  local  density  approxima¬ 
tion  (LDA).  We  have  used  two  different  magnetic  configurations:  parallel  alignment  of  the  mag¬ 
netic  moments  of  the  two  leads  (FM)  and  antiparallel  alignment  (AF).  In  terms  of  total  energies 
the  interlayer  exchange  coupling  can  be  defined  by 

AE  =  E(AF)  —  £*(FM).  (1) 

In  here,  only  the  FM  state  has  been  calculated  selfconsistently  and  the  IEC  has  been  investigated 
by  using  the  magnetic  force  theorem  [10].  The  IEC  is  then  given  by  the  band  energy  difference  of 
the  two  magnetic  configurations 


AEb=  f  [np(€,  AF)  -  np(e,FM)](e  -  eF)de ,  (2) 

7eh 

where  nv  is  the  layer-resolved  density  of  states  for  a  given  magnetic  configuration. 

The  electric  transport  properties  have  been  obtained  from  the  fully  relativistic  spin-polarized 
Kubo-Greenwood  equation  [13],  which  is  sufficient  to  describe  the  influence  of  the  interface  struc¬ 
ture.  Within  this  method  the  CPP  GMR  the  resistance  of  the  multilayers  have  been  calculated 
depending  on  the  magnetic  configuration,  spacer  type,  and  thickness.  For  a  given  sandwich  with 
thickness  of  the  spacer  l  can  be  written  as 

i 

r(C,l,6)  =  ^pP9(C,Z,<5),  l  =  n  +  2m  +  1.  (3) 

p,q 

Here,  p^  is  the  resistivity  at  layer  p  caused  by  a  current  at  layer  q.  The  imaginary  part  of  the 
complex  Fermi  energy  S  is  chosen  to  be  2mRy,  for  details  see  Ref.  [14].  It  has  been  shown 
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elsewhere  that  the  sheet  resistance  varies  linearly  with  S  [14].  Therefore,  the  GMR  for  finite  S  is 
rigidly  shifted  to  lower  values.  Throughout  this  paper  we  have  used  the  bounded  definition  of  the 


GMR 


R  = 


r(AF)  -  r(FM) 
r(AF) 


0  <  R  <  1, 


(4) 


where  we  have  assumed  that  the  resistance  for  the  AF  configuration  corresponds  to  the  zero  field 


resistance. 


RESULTS 

First  we  have  investigated  the  Fe/Cr/Fe  multilayers  without  impurity  layers.  The  results  are 
plotted  in  Fig.  1.  It  should  be  mentioned  that  the  IEC  of  similar  systems  has  already  been  investi¬ 
gated  in  previous  papers  [6, 15].  Here,  we  mainly  focus  on  the  GMR  and  its  relation  to  the  IEC. 
Only  some  general  features  of  the  IEC  will  be  discussed,  for  details  we  refer  to  Ref.  [9].  We  have 
found  the  typical  short  two  monolayer  (ML)  oscillation  period,  which  is  known  from,  e.g.,  electron 
microscopy  and  Brillouin  light  scattering  experiments  [7, 16].  The  longer  (12  ML)  period  could 
not  be  directly  observed.  This  oscillation  is  related  to  the  RKKY  interaction  of  the  layers  and  could 
only  be  obtained  from  a  fit  procedure  with  some  RKKY  type  energy  terms  [15].  However,  besides 
the  short  period  we  have  observed  phase  slips  every  15  layers,  which  are  caused  by  the  spin  density 
wave  of  Cr.  In  contrast  to  other  calculations  the  phase  slips  can  directly  observed,  Fig.  1  and  have 
not  to  be  calculated  from  the  oscillation  periods  [15]. 

The  GMR  slowly  decreases  with  growing  number  of  spacer  layers  from  28  %  at  four  layers  to 
&5%  at  42  ML  of  Cr  (Fig.  1 ,  top).  The  decrease  is  accompanied  by  a  small  oscillation  of  the  GMR 
with  the  number  of  Cr  layers.  It  can  be  suggested  that  these  oscillations  are  related  to  the  two  ML 
period  of  the  IEC.  In  order  to  verify  this,  we  have  plotted  the  oscillation  depending  on  the  number 
of  Cr  layers  (Fig.  1,  bottom).  We  have  checked,  whether  the  GMR(n)  <  GMR(n+l)  or  vice  versa. 
In  the  first  case  the  value  of  the  oscillation  for  the  (n+l)-layer  system  is  set  to  one,  whereas  in 
the  second  case  it  is  chosen  to  be  zero.  A  similar  procedure  has  been  used  for  the  IEC  choosing 
zero  for  AF  coupling  and  - 1  for  FM  coupling,  respectively.  The  results  are  displayed  in  Fig.  1 
(bottom  panel).  This  viewgraph  clearly  reflects  the  two  ML  period  of  the  IEC  and  the  phase  slips 
can  clearly  be  seen.  Furthermore,  it  is  obvious  that  the  GMR  shows  the  same  short  ML  period  as 
the  IEC,  whereby  the  maxima  in  the  GMR  are  connected  to  AF  coupling  and  the  minima  to  FM 
coupling.  The  phase  slips  also  occur  in  the  GMR  depending  on  the  number  of  Cr  layers,  but  they 
are  slightly  shifted  and  smeared  out.  Experimentally  only  the  long  periods  have  been  observed  in 
the  GMR  [4].  The  short  period  can  usually  not  been  observed. 

How  the  IEC  and  GMR  change  when  an  impurity  overlayer  is  added  to  the  system  is  shown 
in  Fig.  2.  The  short  period  survives  if  the  Cr  spacer  is  covered  with  a  single  monolayer  of  Mn. 
In  agreement  with  the  experimental  findings  [7]  no  phase  shift  occurs  due  to  the  impurity  layer, 
i.e.,  even  numbers  of  Cr  layers  are  still  AF  coupled.  It  should  be  mentioned  that  this  is  only  true 
for  systems  with  n  <  15,  because  at  this  point  the  first  phase  slip  occurs  in  the  original  Fe/Cr/Fe 
trilayer  and  the  two  systems  are  out  of  phase.  This  was  not  found  by  Heinrich  et  al.y  because  they 
focussed  only  on  very  thin  Cr  layers.  In  addition,  no  phase  slips  have  been  observed  in  the  IEC  of 
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Figure  1.  Top  panel:  The  GMR  of  Fe/Cr/Fe  trilayers  depending  on  the  thickness  of  the  Cr  Layer. 
Middle  panel:  The  IEC  for  Fe/Cr/Fe  as  obtained  from  the  band  energy  difference  vs.  the  number 
of  Cr  layers.  Bottom  panel:  Comparison  of  the  oscillations  of  the  GMR  (thin  lines)  and  the  IEC 
(thick  lines)  of  the  above  shown  trilayers,  for  details  see  text. 


Fe/Crn/Mni/Fe  trilayers.  This  can  be  understood  from  the  fact  that  the  Mn  monolayer  transforms 
the  Cr  spin  density  wave  in  a  commensurate  AF  state,  for  a  detailed  discussion  see  Ref.  [9].  How¬ 
ever,  the  IEC  goes  to  zero  at  four  and  1 8  ML,  which  may  be  still  an  indication  of  the  spin  density 
wave.  In  the  regions  far  away  from  the  phase  slips  of  the  original  system  the  amplitude  of  the  IEC 
does  not  change  very  much  as  compared  to  the  Fe/Cr/Fe  trilayer,  see  Figs.  1  and  2.  Summarizing, 
the  Mn  overlayer  leads  only  to  small  changes  in  the  IEC.  Similar  observations  have  been  made 
for  the  GMR  (Fig.  2,  bottom).  The  GMR  of  the  two  systems  are  comparable  in  size  and  phase, 
whereby  the  oscillations  are  more  pronounced  in  the  case  of  the  Mn  overlayer. 

However,  if  a  V  overlayer  is  used  instead  of  Mn  the  IEC  and  GMR  behave  different.  In  the  case 
of  V  we  have  only  examined  systems  with  6  <  n  <  12  layers  of  Cr.  Nevertheless,  this  results  show 
already  some  trends.  The  GMR  of  the  Fe/Crn/Vi/Fe  systems  is  of  the  same  size  as  the  GMR  of  the 
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Figure  2.  Top  panel:  The  IEC  of  Fe/Crn/Ti/Fe  multilayers  vs.  the  number  of  Cr  layers  n.  Two 
different  types  of  impurity  overlayers  have  been  used:  Mn  (open  triangles)  and  V  (filled  squares). 
Bottom  panel:  The  GMR  vs.  the  number  of  Cr  layers  for  the  above  described  systems. 

two  types  of  systems  discussed  above  (Fig  2),  which  has  been  expected  from  the  experiments  of 
Baumgart,  who  studied  the  GMR  of  Fe(15  A)/(Cr(12  A)/T(t))2o  multilayers  [8].  In  the  case  of  a  V 
overlayer  a  similar  period  of  the  GMR  can  be  observed  as  for  the  two  previously  discussed  systems 
(Fig.  2,  bottom).  In  contrast  to  the  Mn  impurities  an  overlayer  of  V  leads  to  a  shift  in  the  GMR; 
now  local  maxima  occur  at  even  numbers  of  Cr.  This  suggests  that  the  IEC  has  changed,  which  can 
be  confirmed  by  the  results  shown  in  Fig.  2  (top).  Though,  there  are  very  few  data  points,  it  can  be 
suggested  that  AF  coupling  is  related  to  even  numbers  of  Cr  layers.  In  addition,  the  amplitudes  of 
the  IEC  are  smaller  as  compared  to  the  IEC  of  the  system  with  Mn  impurities.  For  a  more  detailed 
analysis  of  the  influence  of  V  impurities  on  the  GMR  and  the  IEC  of  Fe/Cr/Fe  trilayers  more  data 
points  have  to  be  taken  into  account. 


SUMMARY  AND  CONCLUSIONS 

In  this  paper  we  have  presented  results  for  the  GMR  and  IEC  of  Fe/Cr/Fe  trilayers  in  particular 
focusing  on  systems  with  a  Mn  or  V  overlayer  on  top  of  the  Cr  spacer.  We  have  demonstrated  that 
the  periods  of  the  GMR  are  directly  related  to  the  oscillations  of  the  IEC.  In  agreement  with  the 
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experimental  findings  we  have  observed  that  a  Mn  overlayer  does  not  change  the  phase  of  the  GMR 
or  IEC.  It  has  been  shown  that  the  phase  slips  are  vanishing  due  to  the  Mn  impurities.  Furthermore, 
we  have  been  able  to  predict  that  a  V  overlayer  would  cause  a  phase  shift  and  the  IEC  would  be 
smaller  than  in  the  original  Fe/Cr/Fe  trilayer. 
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Abstract 

The  phenomenon  of  electric  transport  perpendicular  to  the  planes  of  atoms  is 
discussed  in  terms  of  an  ab-initio  approach  based  on  the  Kubo-Greenwood  equation. 
Since  level  of  decription  is  fully  relativistic  “artifacts”  due  to  spin  resolution  are 
avoided.  Besides  a  formal  discussion  of  the  applied  methods  and  an  illustration  of 
the  numerical  procedures,  in  particular  the  dependence  of  the  magnetoresistance 
on  the  quality  of  interfaces,  and  issues  concerning  “tunneling”  in  metal/non-metal 
heterojunctions  are  discussed. 


1  Introduction 

Although  current  perpendicular  to  the  planes  of  atoms  (CPP)  experiments  seem  to  be 
easy  to  visualize  in  terms  of  a  Landauer-type  view  of  electric  transport,  its  theoretical 
description  poses  quite  a  few  questions.  Is  it  sufficient  to  consider  transmission  and 
reflection  matrices  placed  only  at  planes  well-situated  within  the  leads?  What  is  the 
relationship  between  conductivity  and  resistivity?  Which  part  of  a  heterojunction,  spacer 
or  interfaces  actually  causes  a  sufficiently  large  magnetoresistance  ratio?  If  it  is  the  spacer, 
how  much  matters  its  actual  structure?  If  the  magnetoresistance  is  mainly  due  to  the 
interfaces,  how  about  experimentally  unavoidable  interdiffusion?  Are  there  any  criteria 
in  terms  of  the  resistivity  or  resistance  other  than  rules  of  thumb  that  would  distinguish 
between  “tunneling”  and  “weak”  metallic  conductance?  Clearly  enough  on  top  of  all 
these  questions  nags  the  doubt  whether  or  not  it  is  justified  to  consider  “spin”  as  an 
observable,  i.e.,  whether  or  not  the  concept  of  “spin  currents”  (spin-resolved  currents) 
makes  any  sense. 

In  this  contribution  exclusively  the  Kubo-Greenwood  equation  [1,  2,  3,  4]  is  applied  to 
CPP.  Furthermore,  in  all  applications  and  illustration  shown  a  fully  relativistic  realization 
of  this  equation  is  used  implying  that  right  from  the  beginning  “spin”  will  not  be  consid¬ 
ered  as  an  independent  (“observable”)  quantity.  As  recently  two  review  articles  appeared 
[5,  6]  discussing  various  aspects  of  the  “giant  magnetoresistance”  (GMR),  including  also 
CPP  concepts,  no  attempt  is  made  to  present  in  here  also  other  ab-initio  type  approaches. 
For  a  very  detailed  discussion  of  all  theoretical  implications  of  the  present  approach  such 
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as  collinearity  and  non-collinearity,  magnetic  configurations,  inhomogeneous  alloying,  etc., 
the  reader  is  referred  to  a  forthcoming  review  article  [11]. 


2  The  relativistic  Kubo-Greenwood  equation  for  sys¬ 
tems  with  two-dimensional  translational  symmetry 

Within  the  (non-relativistic)  Density  Functional  Theory  (DFT)  the  Kohn-Sham-Dirac 
Hamiltonian  is  given  by 

K  =  q  •  p  +  One2  +  Ve/f  [ n ,  m]  +  HE  •  Beff  [n,  m]  ,  (1) 


(2) 


V(r)  =  Veff  [n, m]  =  VeJct  +  VHartr":  +  /3\ 

Sn  ’  v  ' 

B(r)  =  Be//  [n.  m]  =  B6*1  +  —  JE^[w’m]  ,  (4) 

2  me  Sm  v  ' 

where  n  is  the  particle  density,  m  the  magnetization  density,  VeSS  [n,  m]  the  effective 
potential,  Be//  [n,  m]  the  effective  (exchange)  magnetic  field,  Vext  and  B“'  the  corre¬ 
sponding  external  fields,  and  the  LI,  are  Dirac-  and  the  LL,  Pauli  (spin)  matrices,  see  also 
refe.  [7,  8]. 

If  G(z)  denotes  the  resolvent  of  this  Hamiltonian, 

G(z)  =  (z-n)~ 1  ,z  =  Dfttf  ,  (5) 

then  within  the  Kubo-Greenwood  equation  [1,  2,  3,  4]  the  diagonal  elements  of  the  con¬ 
ductivity  tensor  are  defined  as 


Cm  =  ~ f  tr  J  ImG+(t»JllImG+([jr))  , 

-‘*0  at 

where  ImG+(E), 

ImG+(Q  =  ^(G+(Q-G-(Q)  , 
can  be  formulated  in  terms  of  the  so-called  side-limits  of  G(z), 


lim  G(z)  = 
l*l~o  ’ 


G+(  0  ;<5>0 
G“(0  ;<S  <  0 


(6) 

(7) 

(8) 
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Usually  multiple  scattering  theory  [8,  9]  is  applied  in  order  to  evaluate  G(z)  in  the 
configuration  space  representation  (Green’s  function)  and  to  perform  the  trace  in  eqn.  (6). 
If  the  system  under  consideration  can  be  characterized  by  two-dimensional  translational 
symmetry  (layered  system;  one  and  the  same  translational  invariance  has  to  apply  in  all 
atomic  layers)  then  for  a  particular  magnetic  configuration  C  the  diagonal  elements  of  the 
conductivity  tensor  can  be  written  [10,  11]  as  a  double  sum  over  atomic  layers, 

□oo(C;n)  =  i  V  L™(C;n)  ,  (9) 

where 

Lg'D(C;n)  =  Um^D(C;n;J)  ,  (10) 

d — ►O 

1  2 

CT?,(C;n;J)  =  -^(-l)'+>q7l(C;C;,g;n)  ,  (11) 

and  n  denotes  the  total  number  of  atomic  layers  taken  into  account. 


3  Current-perpendicular  to  the  planes  of 
atoms  (CPP) 

Let  z  and  z'  denote  continuous  coordinate  variables  perpendicular  to  the  planes  of  atoms 
in  a  two-dimensional  translationally  invariant  system.  In  the  steady  state  one  can  write 
the  resistivity  in  the  current-perpendicular  to  the  planes  of  atoms  geometry  (CPP)  as 
[12,13] 

CbPP=l  I  □Mdzdz'  ,  (12) 

where  P (z,  z')  is  the  inverse  of  U(z,  z')  as  defined  by 

J  C(z, z")[j(z",  z)dzn  —  S(z  —  z)  ,  (13) 

and  L  is  the  overall  length  of  the  structure  for  which  the  conductivity  is  calculated,  see 
also  ref.  [14].  The  sheet  resistance  r  and  resistance  R  are  then  defined  by  the  following 
relations 

r  =  AR  =  L^pp  =  J  Q(z,  z^dzdz’  ,  (14) 

where  A  is  the  unit  area. 

The  conductivity  tensor  D(z,  z')  can  now  be  mapped  [15]  (/  :)  onto  the  zz-components 
of  the  conductivity  tensor  for  a  layered  system  introduced  earlier,  £jjz(n)  =  Cjj(n),z,  j  — 
1  ,n,  with  i  and  j  denoting  planes  of  atoms, 

/  :  n(z,z')  —  L^(n)  ,  (15) 
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such  that  the  algebraic  structure  established  by  eqn.  (13)  is  conserved, 


•  (16) 

k—  1 

Clearly  enough  the  sheet  resistance  r  in  eqn.  (14)  then  serves  as  measure  ( g  :)  for  the 
mapping  /, 

n 

g  :  r  —y  r(n)  ,  r(n)=YCij(n)  ,  (17) 

since  according  to  the  Cauchy  convergence  criterion  the  integral  in  eqn.  (14)  can  be 
mapped  onto  a  sum,  i.e.,  onto  r(n ),  if  and  only  if, 


\r-  lim  r(n)|  <  A  ,n€N+  ,  (18) 

I  n— *  oo  I 

or, 

|r(n  +  m)  -  r(n)|  <  A;  n,  m  €  N+  ,  (19) 

where  A  is  an  infinitesimal  small  number. 

Making  use  of  complex  Fermi  energies,  SF  =  Q?  ±  iS,  according  to  eqn.  (8)  the  sheet 
resistance  for  a  given  magnetic  configuration  C  is  defined  by 


r(C;  n)  =  lim  r(C;  n;  5)  ,  (20) 

where 

n 

r(C;n;5)=^qj(C;n;<J)  ,  (21) 

ij= 1 

and 

n 

Y,  Q*(C;  n;  <5)qfei(C;  n;  5)  =  5%J  .  (22) 

1 

It  should  be  noted  that  eqn.  (20)  simply  refers  to  the  side  limiting  procedure  in  eqn.  (8). 


4  CPP  transport  in  heteroj unctions 

Suppose  now  for  matters  of  simplicity  that  a  typical  heterojunction  consists  of  n  atomic 
layers  of  magnetic  leads  (L)  and  s  atomic  layers  of  a  spacer  X,  i.e.,  suppose  that  a  hetero¬ 
junction  is  of  the  type  LnXsLn.  The  total  number  of  atomic  layers  t  amounts  therefore  to 
t  =  2n  +  s  which  in  turn  implies  for  a  given  number  of  spacer  layers  that  the  convergence 
criterion  in  eqn.  (19)  reads  as  follows 

\r(C;  2(n  +  m)  +  s)  —  r(C;2n  +  s)\  <  A  ,  m,n€  N+  .  (23) 


no 


For  each  given  spacer  thickness  s,  the  sheet  resistance  corresponding  to  a  particular  mag¬ 
netic  configuration  C  is  therefore  given  by 


r(C;s)=  lim  limr  (C;  2(n  +  m)  +  s;  S)  .  (24) 

m—*M  S— >0 

where  M  is  a  sufficiently  large  integer  number.  In  practical  terms  eqn.  (24)  can  be  split 
up  into  two  independent  limiting  procedures, 

r(C;s;5)=  lim  r(C;  2(n  4-  m)  4-  s;<5)  ,  (25) 

to— *-M 

r(C]s)  =  lim  r  (C ;  s;  5)  .  (26) 


4.1  Magnetoresistance  ratio 

The  magnetoresistance  ratio  MR  ( GMR ,  “giant  magnetoresistanoe”)  corresponds  in  the 
so-called  “pessimistic  view”  to 


MR  = 


r  (C7;s)  —  r(C;  s) 
r(C';s) 


and  in  the  “optimistic  view”  to 


MR  — 


r(C';s)-r(C;s) 

r{C;$) 


(27) 


(28) 


where  in  the  case  of  collinear  magnetic  configurations  C  and  C  usually  are  termed  “par¬ 
allel”  and  “antiparallel”  configuration.  The  advantage  of  the  definition  in  eqn.  (27)  is 
simply  that  thus  the  magnetoresistance  ratio  is  bound  by  one.  Unfortuantely  experimen¬ 
tal  data  very  often  refer  rather  to  the  second  kind  of  definition  (because  the  value  of  the 
giant  magnetoresistance  ratio  is  larger?).  It  should  be  noted  in  this  context,  however, 
that  eqn.  (27)  corresponds  to  the  only  useful  definition  of  the  angular  dependence  of  the 
anisotropic  magnetoresistance.  In  here  exclusively  the  “pessimistic  view”  is  used. 


4.2  Physical  significance  of  the  imaginary  part  of  the  Fermi  en¬ 
ergy 

Suppose  that  in  the  Kubo- Greenwood  equation,  see  (6),  the  current  operator  can  be 
approximated  by  a  constant, 

Tl~tr  Im G+([» Im G+([») -n2(^r)  ,  (29) 

which  in  turn  implies  that  the  sheet  resistance  can  approximately  be  written  as 

7 -LIT1  =  Ln"2([»  .  (30) 


ill 


Furthermore,  suppose  the  density  of  states  is  calculated  for  complex  Fermi  energies,  £p 

Qr  iS, 


r(6)  =  LTT1  =  Ln~2(Q?  +  i8)  ,  (31) 

then  from  the  properties  of  the  density  of  states, 

d[n(Qr  +  iS)]  _  (  >  0;  “non- metallic”  (  . 

dS  ~  \  <  0;  “metallic”  ’ 

follows  immediately 

d[ r(6)\  =  f  >  0;  “metallic” 

dS  \  <  0;  “non- metallic”  '  '  ' 

The  functional  form  of  the  actually  calculated  sheet  resistance  with  respect  to  the  imagi¬ 
nary  part  of  the  Fermi  energy,  see  eqns.  (25)  and  (26),  can  therefore  be  used  to  qualita¬ 
tively  interprete  the  underlying  type  of  conducdance 


rf[r(C;g;J)]  =  f  >  0;  “metallic” 

dS  \  <  0;  “non-metallic”  '  '  ' 

The  last  equation  means  inter  alia  that  in  the  case  of  a  negative  slope  of  the  sheet 
resistance  with  respect  to  6  “tunneling”  might  occur.  The  parameter  8  obviously  acts  like 
a  (small)  constant  selfenergy:  in  the  regime  of  metallic  conducdance  an  increase  of  the 
selfenergy  implies  an  increased  resistivity  (sheet  resistance);  in  the  non-metallic  regime 
an  increase  of  8  reduces  the  resistance,  the  system  becomes  more  metallic. 

Since  very  often  the  actual  composition  of  a  heterostructure  is  not  known,  i.e.,  no 
information  about  inter  diffusion  at  the  interfaces,  macroscopic  roughness,  etc.,  are  not 
available,  in  such  a  case  it  seems  sufficient  to  consider  the  following  magnetoresistance 
ratio, 


MR{8)  = 


r(Cf]s;8)-r(C-s-6) 
r  (£';  s ;  5) 


where  8  is  sufficiently  small,  for  a  semi-quant ative  characterization. 


(35) 


5  CPP  transport  &;  IEC 

Certain  aspects  of  current-in-plane  (CIP)  and  CPP  electric  transport  have  to  be  correlated 
with  the  so-called  interlayer  exchange  coupling  energy  (IEC).  The  IEC  classifies  the  type 
of  coupling  between  the  magnetic  parts  of  a  heteroj unction,  i.e.,  determines  regimes  of 
parallel  and  antiparallel  coupling,  or,  can  serve  as  (contineous)  energy  variable  in  an 
ab-initio  description  of  the  exchange  bias  in  spin  valve  systems  [16]. 

Up  to  now  in  most  evaluations  of  the  IEC  the  magnetic  force  theorem  [17]  was  applied 
by  considering  the  grand-potentials  of  the  two  magnetic  configurations  under  investigation 

AEb  =  Eb(C)  —  Eb(CQ)  ,  (36) 
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evaluating,  however,  only  one  magnetic  configuration  (Co,  one  of  them)  selfconsistently. 
If  cf,  denotes  the  respective  concentrations  of  the  constituents  A  and  B  in  layer  p  then  in 
terms  of  the  (inhomogeneous)  CPA  for  layered  systems  [10],  A Eb  is  given  by 


= E  E  -  E  = 1  -  (37) 

p=  1  I  I =A,B  l  i =A,B 

where  the 

A Ep-=  r  (npa(C,Q-n^(Co,Q)(G-Qr)dU  ,  (38) 

Jq, 

refer  to  component-  and  layer-resolved  contributions  to  the  grand-potential  at  T=0.  In 
eqn.  (38)  the  ng(C,  Q  are  component  and  layer  projected  DOS’s  corresponding  to  magnetic 
configuration  C ,  CJ  denotes  the  bottom  of  the  valence  band  and  Q?  is  the  Fermi  energy  of 
the  (nonmagnetic)  substrate,  see  also  ref.  [8].  The  energy  integral  in  eqn.  (38)  is  usually 
performed  in  the  upper  half  of  the  complex  plane  using  a  contour  starting  at  CJ  and  ending 
at  [>. 

Note  that  because  of  the  definition  given  in  eqn.  (36)  this  implies  the  following  energetic 
order  of  magnetic  configurations 


{>0;  —  C  ;  preferred  configuration 
<0;  — >  C0;  preferred  configuration 


(39) 


6  Numerical  implementation 

All  examples  and  illustrations  shown  in  here  are  based  on  applications  of  the  fully  rel¬ 
ativistic  versions  of  the  Screened  Korringa-Kohn-Rostoker  (SKKR)  method  [8]  and  the 
Kubo-Greenwod  equation  [11].  Disorder  such  as  interdiffusion  at  interfaces  or  alloying  in 
the  spacer  part  is  described  in  terms  of  the  (inhomogeneous)  Coherent  Potential  Approx¬ 
imation  (CPA)  for  layered  systems  [10]. 


7  Illustrations  of  the  numerical  procedures 

In  Fig.  1  the  variation  of  the  parallel  (V)  and  antiparallel  (AV)  sheet  resistance  in  bcc- 
Fe(100)/Fe^Ge,9Fen/Fe(100)  is  shown  for  a  particular  value  of  8  and  s  versus  the  number 
of  Fe  lead  layers.  As  can  be  seen  for  n  >  8  the  sheet  resistances  start  to  grow  linearly  with 
n.  For  8  — >  0  the  slope  in  this  linear  regime  tends  to  zero  [15],  i.e.,  for  a  sufficient  number 
of  lead  layers  the  sheet  resistances  become  constant:  the  requirements  in  eqns.  (25)  and 
(26).  The  physical  reason  for  the  convergence  properties  with  respect  to  the  number  of 
lead  layers  has  to  be  correlated  [15]  with  the  oscillations  of  the  (layer-resolved)  Madelung 
potentials,  which  starting  at  the  interface  only  slowly  approach  the  Madelung  potential 
in  pure  bcc-Fe(lOO). 
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Figure  1:  Variation  of  the  sheet  resistance  r(C;  n;  5)  for  bcc  Fe(100)/FenGe3Fen/Fe,  <5  = 
2  mry,  s  =  9,  with  respect  to  n.  The  upper  panel  refers  to  the  parallel  configuration,  the 
lower  to  the  antiferromagnetic  configuration.  Dashed  lines  indicate  the  extrapolation  of 
the  linear  regime  to  n  =  0.  Rom  ref.  [15]. 
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Figure  2:  Density  of  states  of  the  center  vacuum  layer  at  the  complex  Fermi  energy  Q?+i6 
as  a  function  of  S  in  bcc-Fe(100)/Fe12VacsFei2/Fe(100)  for  s  =  3  (circles),  s  =  6  (squares; 
multiplied  by  100),  and  s  =  9  (diamonds;  multiplied  by  250).  From  ref.  [18]. 

In  Fig.  2  the  density  of  states  of  bcc-Fe/FenVacsFen/Fe(100)  at  the  Fermi  level  is 
displayed  with  respect  to  5  for  3,  6  and  9  layers  of  vacuum  separating  bee- Fe (100)  leads. 
This  figure  shows  that  only  for  s  >  9  the  density  of  states  in  the  center  layer  vanishes 
completely.  However,  one  can  see  also  that  for  s  >  6  the  slope  of  n(Q?  4-  i$)  with  respect 
to  5  is  positive,  while  it  is  slightly  negative  for  s  —  3.  Fig.  3  on  the  other  hand  proves  that 
although  the  density  of  states  for  s  =  3  has  not  vanished,  the  slopes  of  the  sheet  resistances 
with  respect  to  6  are  of  different  sign.  In  the  antiparallel  aligment  a  “tunneling”  situation 
is  characteristic,  while  in  the  parallel  aligment  -  in  accordance  with  the  simple  density 
of  states  picture  -  metallic  conductance  is  predicted.  Clearly  enough  in  such  a  case  the 
magnetresistance  ratio  is  rather  very  big. 
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Figure  3:  Analytical  continuation  of  the  sheet  resistances  r(C\2n  +  s;<5)  in  bcc- 
Fe(100)/Fe12VacsFei2/Fe(100),  n  >  11,  s  =  3,  to  the  real  energy  axis.  Top:  parallel 
configuration,  bottom:  antiparallel  configuration.  Full  circles  refer  to  calculated  values, 
dotted  lines  to  the  corresponding  linear  fit.  From  ref.  [18]. 
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8  Where  does  the  GMR  effect  in  heteroj unctions 
come  from? 

For  illustrative  purposes  the  layer- resolved  sheet  resistances  can  be  defined, 

t 

ri(C\t\S)  =  V'q^(C;t;(5)  ,  rt(C;t)  =  lim  r;(C;  <5)  ,  (40) 

j=l 

where  t  is  again  the  total  number  of  atomic  layers  considered.  It  is  important  to  note 
that  only  the  sum  over  these  layer-resolved  sheet  resistances, 

t 

r(C;t\S)  ='S2ri(C;t;S)  ,  r(C\t)  =  Umri(C;t;<5)  ,  (41) 

* w  o — ►() 

4=1 

is  well-defined.  By  partitioning  the  difference  of  the  sheet  resistances 

A  r{t)  =  r(AV;t)-r(V;t)  (42) 

with  respect  to  the  magnetic  configurations  into  contributions  arising  from  different  parts 
of  the  heterostructure,  namely  the  left  and  right  electrodes  (leads),  Lieft  and  the 

interface  regions  between  electrodes  and  spacer,  Iieft  and  I  right,  and  the  remaining  spacer 
part  S , 

Ar(i;<5)  =  ArLuft(t;S)  +  ArLrigh,{t\  6)  (43) 

(t;  S)  +  ArIrigh,  ( t ;  S)  +  Ar,(t;  6)  , 

a  very  informative  “picture”  of  where  the  magnetoresistance  comes  from  can  be  given. 
Fig.  4  shows  such  a  partitioning  for  the  heterojunction  bcc(100)/Fen 
(ZnSe)sFen/Fe(100).  As  can  be  seen  in  both  kinds  of  termination  the  GMR  effect  is 
mostly  determined  by  the  Fe/ZnSe  interfaces,  indicating  that  the  actual  structure  of  the 
spacer  is  of  little  importance. 

9  Interdiffusion  at  the  interfaces 

Very  often  interdiffusion  at  the  interfeces  occurs,  usually  causing  the  IEC  and  the  magne- 
toresistance  to  decrease.  An  interesting  case  is  bcc(100)/Fe/ 

Si/Fe(bcc)  since  the  regime  of  antiferromagnetic  coupling  is  increased  by  interdiffusion, 
see  Fig.  5.  In  this  figure  interface  interdiffusion  is  restricted  to  a  two-layer  interdiffusion, 
meaning  that  the  layers  FecSii_c  and  Fei_cSic  form  the  interface,  while  all  other  layers 
remain  “pure”.  For  the  magnetoresistance  (see  Fig.  6),  however,  interdiffusion  in  this 
system  is  disastrous  as  Fig.  7  shows.  Independent  of  the  spacer  thickness  a  two- layer 
interdiffusion  corresponding  to  an  interdiffusion  concentration  of  about  15  -  20%  almost 
kills  the  effect.  This  is  the  very  reason  of  why  up-to-now  in  this  system  only  a  very 
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Figure  4:  Normalized  fractions  of  the  difference  in  the  sheet  resistance  between  the  an¬ 
tiferromagnetic  and  the  ferromagnetic  configuration  in  Fe(100)/(ZnSe)2i/Fe(100).  The 
various  regions  of  the  heterostructure  are  given  explicitly.  From  ref.  [19]. 
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small  magnetoresistance  ratio  of  less  than  2%  was  found  experimentally.  Since  however, 
the  formation  of  ordered  or  disordered  silicides  at  the  interface  is  almost  unavoidable,  a 
Fe/Si/Fe  heteroj unction  is  probably  a  very  bad  candidate  for  a  “TMR-devioe”  (TMR: 
“tunneling  magnetoresistance”). 

10  Tunneling  or  not-tunneling? 

In  the  top  part  of  Fig.  8  an  interesting  case  is  displayed,  namely  the  layer-resolved 
Madelung  potentials  in  the  “academic”  heteroj  unction  bcc-Fe(lOO)/ 
Fei2Vaci2Fei2/Fe(100)  and  modifications  thereof  in  the  interior  part  of  the  vacuum  bar¬ 
rier.  The  lower  part  of  this  figures  shows  the  corresponding  changes  in  the  parallel  sheet 
resistance  if  the  barrier  is  increased.  As  can  be  seen  there  is  a  very  sharp  increase  of 
the  sheet  resistance  as  the  value  of  the  barrier  increases.  It  should  be  noted  that  the 
open  symbols  in  the  top  part  of  this  figure  correspond  to  the  selfconsistent  values,  all 
other  barrier  heights  are  shifted  by  a  constant  with  respect  to  the  selfconsistent  value. 
Fig.  9  presents  the  outcome  of  the  opposite  situation,  namely  reducing  the  value  of  the 
barrier.  As  can  be  seen  (Fig.  9,  top)  the  layer-resolved  sheet  resistances  in  the  parallel 
configuration  are  reduced  in  the  interior  of  the  vaccum  barrier  as  the  barrier  height  is 
decreased.  In  the  lower  part  of  this  figure  the  corresponding  magnetoresistance  ratios  are 
depicted.  As  the  barrier  height  is  approaching  the  value  of  the  Madelung  potential  in  the 
semi-infinite  leads  (vertical  line)  a  kink  seems  to  develop  separating  the  regime  of  metallic 
conducting  from  a  regime  of  ‘‘tunneling”.  This  figure  suggests  that  any  heterostructure 
with  an  average  barrier  for  a  (non- metallic)  spacer  of  about  less  than  2  eV  will  show  a  rea¬ 
sonable  magnetoresistance  ratio.  Whether  this  is  due  to  “tunneling”  or  very  bad  metallic 
conductance  has  to  be  argued  in  terms  of  the  functional  form  of  the  sheet  resistances 
with  respect  to  the  imaginary  part  of  complex  Fermi  energies,  see  Fig.  3.  Arguments  in 
terms  of  (decaying)  states,  etc.,  unfortunately  have  little  in  common  with  the  product 
of  two  Green’s  function  in  the  Kubo-Greenwood  equation.  Perhaps  an  experimentalist’s 
resume  [21],  namely  “tunneling  is  rare”,  is  the  most  witty  answer  to  resolve  the  academic 
question  of  tunneling  or  not-tunneling. 


1 1  Conclusion 

It  was  shown  that  the  present  approach  of  evaluating  CPP  transport  not  only  leads  to 
a  correct  description  of  sheet  resistances  and  magnetoresistance  ratios  for  heteroj  unc¬ 
tions  with  in  general  interdiffused  interfaces,  but  can  be  used  also  to  discuss  the  role  of 
interfaces.  Furthermore,  in  terms  of  a  physical  interpretation  of  the  imaginary  part  of 
the  Fermi  energy  an  essentially  new  aspect  of  the  occurrence  of  tunneling  can  be  given. 
In  particular  the  lower  part  of  Fig.  9  indicates  that  there  is  a  kind  of  cusp  that  sepa¬ 
rates  metallic  from  a  “non-metallic”  conductance,  which  seems  to  characterize  also  quite 
generally  realistic  heterojunctions  between  magnetic  metals  and  semi-  or  non-conducting 
material. 
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Figure  5:  Changes  of  the  IEC  in  bcc-Fe(100)/Sis/Fe(100)  with  respect  to  the  number  of 
spacer  layers  for  different  interdiffusion  concentrations  cd.  From  ref.  [20]. 
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Figure  6:  Magnetoresistance  for  Fe/Sis/Fe  trilayers  versus  the  number  of  Si  spacer  layers 
s.  The  full  line  is  a  4th  order  fit  of  the  magnetoresistance  to  the  data  points.  Inset: 
Difference  between  the  calculated  points  and  the  fit  depending  on  the  number  of  Si  layers. 
From  ref.  [20]. 
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Figure  8:  Top:  Layer-resolved  Madelung  potentials  and  shifted  potential  barriers  in  the 
vacuum  region  of  bcc-Fe(100)/Fei2Vaci2Fei2/Fe(l(X)).  Circles:  Fe;  squares,  triangles  and 
diamonds  refer  to  the  vacuum  region  with  Vc  =  0,  -0.2  ry  and  -Vm,  respectively.  Bottom: 
In  [r(V\  2 n  4-  s;  <5)]  ,n  >  11,  <5  =  2  mry,  of  bcc-Fe(100)/Fei2Vac12Fei2/Fe(100)  as  a  function 
of  Vc.  Vm  denotes  the  selfconsistently  determined  barrier  height  in  the  center  layer  of  the 
vacuum  region.  From  ref.  [18]. 
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Figure  9:  Top:  Sheet  resistance  r(P;2n0  +  s;S)  (top)  and  magnetoresistance  R(2n0  + 
s\6)  (bottom),  6  —  2  mry,  in  bcc-Fe(100)/Fei2Vaci2Fei2/Fe(100)  as  a  function  of  the 
constant  shift  Vc.  In  the  top  part  squares,  triangles,  circles  and  diamonds  refer  to  Vc  — 
0,  -0.2,  -0.3  and  —0.4  ryd,  respectively,  in  the  lower  part  the  regimes  of  metallic  and 
tunneling  behavior  of  electric  transport  are  separated  by  the  condition  VM  =  —Vc  (vertical 
line).  VM  denotes  the  selfconsistently  determined  barrier  height  in  the  center  layer  of  the 
vacuum  region.  From  ref.  [18]. 
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ABSTRACT 

We  have  synthesized  and  characterized  doped  manganite  trilayers  composed  of 
Lao.7Sr0.3Mn03  (LSMO)  and  Lao.7Cao.3Mn03  (LCMO).  Because  of  the 
isostructural  nature  of  the  Sr  and  Ca  doped  manganites,  trilayers  exhibit  good 
epitaxy  as  observed  in  X-ray  diffraction.  Magnetization  measurements  reveal 
magnetization  values  consistent  with  bulk  values.  In-plane  transport  of  these 
trilayers  reveals  anisotropic  magnetoresistance  and  high  field  negative 
magnetoresistance  attributed  to  the  suppression  of  spin  fluctuations  at  high 
fields. 

INTRODUCTION 

Colossal  magnetoresistance  (CMR)  materials  consist  of  a  group  of  doped 
perovskite  manganites  of  chemical  composition  Ai.xBxMn03  (where  A  =  trivalent 
rare  earth  and  B  =  divalent  alkaline  earth).  While  the  phase  diagram  of  the 
doped  manganites  is  rather  complicated  and  includes  ferromagnetic, 
antiferromagnetic,  and  paramagnetic  phases,  insulating  and  metallic  phases  and 
charge  ordered  phases,  the  subclass  of  materials  that  exhibit  a  transition  from  a 
ferromagnetic  metallic  phase  to  a  paramagnetic  insulating  one  are  known  as 
CMR  materials.  They  exhibit  large  changes  in  resistance  under  an  applied 
magnetic  field  and  thus  have  been  the  subject  erf  extensive  research  due  to  their 
possible  application  in  computer  readA/vrite  heads  and  storage  devices. 
Magnetoresistance  (MR)  values  as  high  as  80%  in  LCMO  at  -200K  and  35%  in 
LSMO  at  -330K  have  been  observed  under  high  magnetic  fields  (-5  Tesla). 

Many  groups  have  studied  CMR  and  CMR-based  devices  in  the  hopes  of 
obtaining  large  magnetoresistances  at  low  fields  and  at  room  temperature.  Some 
research  groups  have  focused  on  fabricating  CMR-based  magnetic  tunnel 
junctions  to  this  end.  Initial  studies  of  CMR  tunnel  junctions  have  shown  junction 
magnetoresistance  (JMR)  behavior  on  field  scales  as  low  as  -50  Oe  [1,2]. 
Subsequent  studies  have  shown  JMR  values  as  high  as  100%  at  13K  [3,4]. 
However,  JMR  decreases  rapidly  with  increasing  temperature  and  vanishes  by 
room  temperature.  In  magnetic  tunnel  junctions,  the  interface  quality,  tunnel 
barrier  quality,  surface/interface  roughness,  ferromagnetic  electrode  quality, 
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magnetic  domain  walls  as  well  as  the  intrinsic  behavior  of  ferromagnetic 
surfaces/interfaces  greatly  affect  the  JMR.  It  has  greatly  complicated  the 
interpretation  of  transport  data  and  may  contribute  to  the  premature  suppression 
of  spin  polarized  tunneling  to  temperatures  below  the  Curie  temperature  of  the 
CMR  electrodes.  More  recently,  near  room  temperature  operation  of  CMR-based 
tunnel  junctions  has  also  been  observed  by  Obata  et  al.  [5].  To  minimize 
interface  disorder,  Goodenough’s  group  incorporated  a  tunnel  barrier  of 
(Lao.85Sro.i5)MnC>3  between  LaojSro.3Mn03  electrodes  and  obtained  JMRs  at 
temperatures  as  high  as  295K  [6]. 

Our  approach  has  been  to  study  magnetotransport  in  trilayers  and  tunnel  devices 
composed  of  isostructural  materials  of  Lai-xSrxMn03  and  Lai.yCayMn03  where 
good  epitaxy  can  be  obtained.  In  this  paper,  we  present  the  synthesis  and 
characterization  of  doped  manganite  trilayers  of  Lao.7Sr0.3Mn03  (LSMO)  and 
Lao.7Ca0.3MnC>3  (LCMO).  The  layers  can  grow  coherently  on  one  another  by  only 
changing  one  species  (Sr  ->  Ca).  Such  structures  have  minimal  lattice  mismatch 
strain  at  the  interfaces  and  therefore  optimal  interface  quality. 

EXPERIMENTAL  SETUP 

The  epitaxial  CMR  thin  film  trilayers  were  deposited  in  a  pulsed  laser  deposition 
(PLD)  system  with  a  KrF  excimer  laser  (248nm)  operating  at  10  Hz  with  an 
energy  density  of  -3  J/cm2  for  LSMO  and  LCMO.  The  films  were  deposited  on 
(001)  SrTi03  (STO)  substrates.  In  this  paper,  we  will  describe  the  orientation  of 
the  manganites  in  terms  of  the  pseudocubic  lattice  parameters  a buik=  b't>uik= 
c'buik=  3.87A.  These  lattice  parameters  are  rotated  45  degrees  from  the 
rhombohedral,  nearly  cubic  lattice  parameters  bbUik~  cbuik~  5.48A.  STO 

substrates  place  the  overlying  LSMO  films  under  tensile  strain.  We  grew  trilayers 
with  350  to  1000A  thick  LSMO  electrodes  and  20  to  100A  thick  LCMO  barrier 
layers. 


Figure  1.  Schematic  of  resistivity  bar  for  in- 
plane  transport  measurements  (left).  The 
magnetic  field  was  applied  in  three  different 
orientations  (right):  (A)  in-plane  and  parallel 
to  the  current,  (B)  in-plane  and  perpendicular 
to  the  current,  and  (C)  out  of  plane. 


Figure  2.  Vibrating  sample  magnetometer 
magnetization  data  for  a  LSMO  trilayer  film  on  a 
(001)  STO  substrate  showing  an  easy  [110] 
direction  and  a  hard  [100]  direction. 
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X-ray  diffraction  of  the  trilayers  was  performed  on  a  Scintag,  Inc.  theta-theta 
diffractometer  to  verify  the  epitaxy  of  the  films.  A  vibrating  sample  magnetometer 
and  a  superconducting  quantum  interference  device  (SQUID)  magnetometer 
were  used  to  take  magnetization  measurements. 

In-plane  transport  measurements  were  taken  in  a  physical  property 
measurement  system.  The  trilayer  films  were  patterned  into  resistivity  bars  using 
argon  ion  milling.  The  current  was  applied  along  the  [100]  direction,  and  the 
resistivity  was  measured  with  three  possible  orientations  between  the  current 
and  the  magnetic  field  (Figure  1). 

RESULTS  AND  DISCUSSION 

X-ray  diffraction  20  measurements  of  the  trilayer  films  only  showed  distinct  peaks 
corresponding  to  the  (001)  orientation  of  LSMO  films  and  the  STO  substrates, 
demonstrating  the  epitaxy  of  the  trilayers. 

Magnetization  measurements  taken  with  a  SQUID  magnetometer  show  that 
LSMO  has  a  Curie  temperature  Tc  of  -350K,  while  LCMO  has  a  Tc  of  ~250K. 
The  magnetic  behavior  of  the  trilayer  films  was  similar  to  that  of  LSMO  single 
layer  films,  with  a  decrease  in  magnetization  and  coercive  field  with  increasing 
temperature.  As  shown  in  our  previous  work,  in  (OOI)-oriented  LSMO  films,  the 
magnetocrystalline  anisotropy  gives  rise  to  an  in-plane  easy  direction  along  [110] 
and  equivalent  directions,  and  the  hard  directions  are  [100]  and  [010]  [7].  As 
expected,  the  trilayer  films  show  the  same  easy  and  hard  directions  (Figure  2). 
Moreover,  the  trilayer  magnetization  values  are  consistent  with  bulk  values. 

In-plane  transport  measurements  were  taken  by  first  sweeping  the  magnetic  field 
from  high  positive  field  to  high  negative  field  and  then  back  to  high  positive  field. 
All  measurements  show  a  negative,  linear  MR  at  high  fields,  which  is  attributed  to 


Figure  3.  In -plane  transport  measurements  at  room  temperature  taken  in  the  configurations  A, 
B  and  C  as  marked. 
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Figure  4.  In -plane  transport  measurements  at  350K  taken  in  the  configurations  A,  B  and  C  as 
marked. 


the  suppression  of  spin  fluctuations  at  high  magnetic  fields  (CMR).  The  MR  in  the 
out-of-plane  orientation  (configuration  C)  is  shifted  due  to  demagnetization 
effects  as  seen  in  Figure  3.  The  curve  exhibits  demagnetization  effects  around 
5kOe  as  well  as  irreversibility  at  ~1 .5kOe.  The  irreversibility  corresponds  to  the 
domain  wall  motion  that  is  observed  in  the  magnetization  loops. 


In  the  in-plane  perpendicular  orientation  of  the  current  and  field  (configuration  B), 
a  positive  MR  is  seen  at  low  fields  that  crosses  over  to  negative  MR  at  higher 


Figure  5.  Low  field  in-plane  transport  measurements  for  the  in -plane  parallel  field  configuration 
(A)  (top)  and  magnetization  measurements  (bottom)  taken  at  room  temperature. 
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fields.  The  field  at  which  the  crossover  occurs  does  not  correspond  to  the  shape 
effect  of  the  transport  bar  [8,9].  In  fact,  the  field  corresponds  to  the  magnetic 
anisotropy  field  of  the  film.  In  the  in-plane  parallel  orientation  (configuration  A), 
the  MR  exhibits  a  linear  dependence  with  a  superlinear  deviation  at  low  fields 
and  an  irreversibility  corresponding  to  the  coercive  field.  The  MRs  in  the  in-plane 
parallel  and  in-plane  perpendicular  orientations  are  shifted  with  respect  to  one 
another  due  to  anisotropic  magnetoresistance  (AMR).  AMR  occurs  when  the 
resistance  depends  on  the  orientation  between  the  magnetization  and  the 
current.  In  LSMO,  the  resistance  is  less  when  the  magnetization  is  parallel  to  the 
current  versus  perpendicular  to  the  current  [10].  However,  the  AMR  disappears 
for  transport  measurements  taken  just  below  the  Tc  of  LSMO  as  the 
magnetization  has  decreased  almost  to  zero  (Figure  4). 

In  the  in-plane  parallel  orientation  (A),  as  soon  as  the  magnetic  field  is  decreased 
to  below  the  anisotropy  field,  the  magnetic  moments  rotate  away  from  the 
applied  field  direction  of  [001]  into  the  magnetically  easy  [110]  directions.  The 
magnetization  is  no  longer  pointing  parallel  to  the  current,  and  the  MR  increases, 
hence  a  superlinear  deviation  (Figure  5).  However,  for  the  in-plane  perpendicular 
orientation  (B),  the  magnetic  moments  start  out  pointing  perpendicular  to  the 
current  and  then  rotate  to  the  easy  diagonal  directions.  Since  they  are  pointing 
more  along  the  current  in  decreasing  magnetic  field,  the  MR  drops,  and  hence 
we  observe  the  sublinear  deviation  or  a  crossover  from  negative  to  positive  MR 
(Figure  6).  Moreover,  we  see  that  the  hysteretic  behavior  of  the  low  field  MR  in 
the  in-plane  configurations  (see  Figure  5,6)  corresponds  to  the  coercive  fields  of 
the  magnetization  loops  and  thus  to  domain  wall  motion. 

Since  LCMO  is  an  insulator,  we  suspect  that  most  of  the  current  travels  through 
the  LSMO  layers,  and  indeed  our  transport  measurements  of  trilayers  are  similar 
to  those  of  LSMO  thin  films  [10,1 1]. 


tm gnetlc  field  (Oe) 

Figure  6.  Low  field  in-plane  transport  for  the  in-plane  perpendicular  configuration  (B)  taken  at 
room  temperature. 
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CONCLUSIONS 


We  have  synthesized  and  characterized  doped  manganite  trilayers  composed  of 
LSMO  and  LCMO.  Given  the  isostructural  nature  of  the  trilayer,  with  the 
substitution  of  the  alkaline  earth  dopant,  there  is  minimal  disorder  at  the 
interfaces  of  the  layers,  and  therefore,  we  are  able  to  obtain  trilayers  with  good 
epitaxy.  In-plane  transport  measurements  reveal  the  main  MR  effects  to  be  CMR 
and  anisotropic  MR. 
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We  have  studied  the  low  frequency  complex  magnetization  dynamics  in 
Co/AhOs/Ni&oFe2Q  magnetic  tunnel  junctions  (MTJs)  at  temperatures  between 
4.2K  and  300K.  The  measurements  were  carried  out  by  using  two  different  exper¬ 
imental  techniques.  The  first  method  probes  directly  magnetic  properties  via  DC 
magnetization  and  AC  susceptibility,  while  the  second  one  measures  AC  magnetiza¬ 
tion  dynamics  of  the  ferromagnetic  electrodes  near  the  cross  area,  which  is  related 
to  the  tunnelling  resistance. 

*  -  corresponding  author:  farkhad.aliev@uam.es 

INTRODUCTION 

Magnetic  tunnel  junctions  (MTJ)  with  highly  reliable  magnetoresistance  [1]  are  promising 
candidates  for  non-volatile  memory,  next  generation  of  magnetic  field  sensors  hard  drive 
heads  as  well  as  important  parts  of  more  complicated  magnetic  nanostructures  [2].  It  was 
found  recently  that  the  magnetic  domain  walls  (DWs)  formed  in  the  magnetic  electrodes  and 
correspondingly  within  cross  area,  may  significantly  affect  operation  of  the  MTJs,  resulting 
in  some  cases  even  in  long  term  degradation  of  the  devices  [3].  In  addition,  it  is  known 
that  DWs  strongly  influence  the  noise  of  the  magnetoresistive  sensors  [4,  5].  In  their  study 
of  magnetic  noise  in  magnetic  multilayers  Haxdner  et  al.  [4]  proposed  a  simple  method 
for  evaluating  dynamic  magnetic  properties  of  the  systems  with  giant  magnetoresistance 
(GMR)  by  studying  the  response  in  the  electron  transport  of  the  structure  subject  to  both 
DC  and  AC  magnetic  fields.  Although  DC  transport  and  magnetic  properties  of  MTJs 
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are  reasonably  well  understood,  little  is  known  [6]  about  the  AC  magnetic  and  transport 
responses  of  MTJs.  Knowledge  of  dynamic  magnetic  properties  of  MTJs  could  provide 
information  about  mechanisms  of  magnetization  reversal,  domain  wall  mobility,  disorder 
and  other  characteristics  of  MTJs,  important  both  for  fundamental  and  applied  research, 
and  not  accessible  in  the  DC  experiments.  Indeed,  a  method  proposed  for  investigation 
of  the  DW  dynamics  in  magnetic  nanowires  by  employing  GMR  effect  as  a  detector  [7], 
could  not  be  directly  applied  to  the  standard  MTJs  because  their  geometry  permits  two- 
dimensional  movement  of  the  DWs.  A  recent  demonstration  of  the  applicability  of  the  tunnel 
magnetoresistance  (TMR)  signal  for  analysis  of  the  DWs  structure  in  MTJs,  completed  by 
magnetic  force  microscopy  [8]  or  magnetooptic  analysis  [9],  reveals  some  interesting  static, 
but  not  dynamic  properties  of  the  domain  walls.  This  paper  presents  an  investigation  of  the 
low  frequency  (below  100 Hz)  AC  magnetization  response  of  MTJs  studied  both  via  direct 
magnetic  measurements  and  by  using  the  TMR  effect  as  spin  detector. 

SAMPLE  PREPARATION  AND  EXPERIMENTAL  SETUP 

Details  of  sample  preparation  and  characterization  were  described  previously  in  [1],  In 
brief,  a  lnm  of  Si  is  deposited  on  a  glass  substrate  at  77 K  as  a  seed  layer  .  Then  cobalt  (hard 
layer  with  thickness  of  8nm)  and  aluminium  (depending  on  the  samples  the  thickness  of  Al 
was  varied  between  0 .6nm  and  lnm  )  layers  were  deposited  at  the  same  temperature.  At  the 
next  stage,  the  samples  were  warmed  to  room  temperature,  and  oxidation  of  the  barrier  was 
produced  by  glow  discharge,  followed  by  deposition  of  the  permalloy  layer  (soft  layer  with 
thickness  of  lOnm),  a  magnetic  field,  of  about  50Oe,  was  applied  while  the  deposition  of  both 
magnetic  electrodes,  in  order  to  fix  the  magnetic  anisotropy  of  the  layers.  In  the  present 
study  we  used  a  sample  with  a  cross  area  definition  of  200  x  200/rm,  the  room  temperature 
(RT)  resistance  is  about  1  kft,  and  the  magnetoresistance  is  12%  (RT)  and  18%  (4.2K). 

Direct  DC  magnetization  (M)  and  AC  magnetic  properties  (x'm  and  x'm  were  studied  by 
using  a  MPMS  (Quantum  Design)  with  the  magnetic  field  directed  along  the  easy  axis  of 
magnetization.  Sample  used  in  this  experiments  have  the  same  dimensions  as  the  one  used 
in  the  transport  measurements. 

In  order  to  measure  the  magnetic  dynamic  response  via  electron  transport  we  developed 
a  setup  similar  to  ref.  [4].  Our  sample  was  introduced  in  an  Oxford  cryostat  which  allows 
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to  vary  the  temperature  from  300 K  to  4.2 K.  The  magnetic  field  was  applied  by  using  two 
solenoids  placed  outside  the  vacuum  chamber.  A  DC  current  source  controls  the  magnetic 
field  H,  directed  along  the  easy  axis  of  the  sample.  The  AC  source  generates  a  small 
sinusoidal  magnetic  field  with  a  frequency  /  and  an  amplitude  6 H  parallel  to  the  DC  field. 
The  sample  has  been  biased  by  a  DC  current  equal  to  100  p  A  in  all  the  presented  experiments. 
The  AC  signal  generated  in  the  sample  as  a  response  to  the  external  AC  magnetic  field  was 
detected  by  a  lock-in  amplifier  and  the  DC  response  by  a  nanovoltmeter.  In  this  way  we 
obtain  the  in-phase  ( X  —  Xvif)  *  response  which  is  proportional  to  the  derivative  ^  , 
and  the  imaginary  response  (Y  =  Xv(f)  '  reflecting  magnetic  looses.  In  the  following 
this  method  will  be  called  as  the  indirect  method. 

RESULTS  AND  DISCUSSION 

Figure  1  presents  typical  X  and  Y  voltage  responses  obtained  in  the  indirect  method, 
at  a  drive  frequency  of  77 Hz,  at  a  temperature  T  =  77 K  and  at  two  different  excitations, 
when  the  DC  field  is  varied.  The  curves  were  averaged  over  6  measurements.  The  inset 


Figure  1:  (a)  Typical  in-phase  signal  X  and  (b)  out  of  phase  signal  Y  as  functions  of  the  applied 
DC  field  for  two  different  amplitude  excitations  8H  —  50 mOe  and  7 mOe,  at  77 K  and  /  =  77 Hz. 
Inset  in  (b)  shows  typical  deviation  (ay)  of  the  curve,  the  increase  of  this  magnitude  after  the 
maximum  indicates  the  change  of  the  behavior  of  the  losses  in  the  permalloy  layer  from  rotations 
to  magnetization  jumps. 
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Figure  2.  Tunnelling  magnetoresistance  of  the  MTJ  used  in  the  noise  measurements  and  magnetic 
properties  of  a  MTJ  with  the  same  composition  as  the  one  used  for  the  indirect  measurements.  At 
300A  (closed  points)  and  4.2 K  (open  points).  Panel  (a)  shows  the  magnetization  of  the  junction. 
Graph  (b)  presents  tunnelling  magnetoresistance  defined  as  TMR  =  [RAP  -  RP\/RAP.  Panels  (c) 
and  (d)  show  AC  susceptibility  measurements  at  /  =  GHz  and  8h  =  0.2 Oe.  Part  (c)  is  the  real 
part  and  (d)  is  the  imaginary  part. 

shows  the  corresponding  dispersion  for  such  averaging.  The  anomalies  at  the  coercive  fields 
HCi  =  6  ±  0.5 G  and  Hc 2  =  16  ±  1 G  are  related  to  orientation  transitions  in  the  cobalt 
and  permalloy.  We  should  also  point  out  that  typically  the  shape  of  the  maxiipum  in  losses 
obtained  via  TMR  is  non-symmetric.  Usually  one  observes  a  gradual  increase  in  \v  when 
approaching  Hci  (he.  for  H  <  Hqi)  followed  by  an  enhancement  of  the  dispersion  when 
H  ~  Hci<  This  could  be  due  to  a  gradual  growth  of  the  small  domains  for  H  <  HCu 
followed  by  the  process  of  converting  them  into  larger  ones,  corresponding  to  a  decrease  in 
Xy  and  an  enhanced  Barkhausen  noise. 

Figure  2  shows  the  data  obtained  in  the  magnetic  measurements  at  RT  (closed  points)  and 
4*2 K  (open  points).  Part  a  the  DC  magnetization,  c  and  d  are  the  real  and  the  imaginary 
part  of  the  AC  susceptibility,  respectively.  Panel  b  is  the  magnetoresistance  of  the  sample 
used  in  the  transport  measurement.  Coercive  fields  in  both  samples  are  nearly  the  same. 

Comparison  of  the  data  obtained  in  both  methods  points  out  some  similarities  and  dif¬ 
ferences  between  magnetic  susceptibility  and  the  transport  measurements.  Independently 
of  temperature,  frequency  or  drive  amplitude,  for  both  signals  we  observe  two  anomalies 
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in  their  real  parts,  reflecting  coercive  fields  Hci  and  Hc2  of  permalloy  and  cobalt  (Fig.  la 
and  2c).  The  deep  of  the  minimum  in  between  the  two  transitions  in  the  real  part  of  the 
AC  susceptibility  depends  on  the  degree  of  antiparallel  alignment  and,  in  addition,  maybe 
affected  by  the  edge  effects  coming  from  the  electrodes. 

The  direct  out-of  phase  measurements  shows  that  the  maximum  in  Xm(/)>  which  corre¬ 
sponds  to  the  losses  during  magnetization  reversal  in  permalloy,  disappears  for  temperatures 
bellow  77 K  (see  Fig.  2d  which  compares  data  at  300 A"  and  4.2 A').  The  situation  is  different 
for  the  indirect  method  where  the  maximum  in  Xvif)  near  Hci  1S  clearly  observed  down  to 
4. 2 AT  (only  data  for  77 K  is  shown  here).  The  different  behavior  observed  at  low  tempera¬ 
ture  is  due  to  the  sensitivity  of  the  indirect  method  to  the  interface  magnetization,  because 
only  few  monolayers  of  permalloy,  those  near  the  barrier,  contribute  to  the  tunnel  process. 
Therefore,  one  could  argue  that  the  DWs  (or  magnetic  inhomogeneities)  at  the  interface  are 
free  to  move  at  low  temperatures,  when  bulk  domains  became  pinned.  This  results  in  the 
suppression  of  the  maximum  in  the  imaginary  susceptibility  at  low  temperature. 

Finally  we  present  the  dependence  of  the  complex  response  on  the  drive  amplitude  Sh. 
Figure  3  shows  the  magnitude  of  the  anomaly  near  the  coercive  field  of  permalloy  layer 
as  a  function  of  the  excitation  amplitude.  One  can  observe  that,  while  the  real  part  of 


Figure  3:  Dependence  of  the  amplitude  of  the  peak  near  the  coercive  field  of  permalloy  at  room 
temperature.  Main  part  of  the  figure  shows  the  amplitude  of  the  peak  in  the  imaginary  part  of 
i  the  response.  The  inset  shows  the  same  quantity  in  the  real  part.  Qualitatively  similar  behavior 

is  observed  at  low  temperatures. 

j 
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the  response  changes  linearly  with  Sh  (xy  ~  constant ),  the  imaginary  response  strongly 
deviates  from  linearity  at  low  excitations.  Magnetoelastic  coupling  cannot  explain  this  data 
[10],  because  it  depends  on  the  DWs  velocity,  which  seems  to  be  too  high  comparing  with 
the  dimension  of  the  sample  divided  by  the  excitation  frequency.  One  could  also  think  in 
terms  of  a  transformation  of  the  DW  type  when  Sh  is  increased.  However,  the  thickness  of 
our  samples  (lOnm)  is  too  small  to  provide  such  a  transition.  We  believe  that  the  observed 
nonlinearity  in  the  out-of  phase  response  (with  a  linear  in-phase  response)  could  be  due 
to  a  strong  dependence  of  the  relaxation  time  on  Sh.  Presence  of  structural  and  magnetic 
disorder  at  the  oxide-ferromagnet  interface  in  magnetic  tunnel  junctions  could  be  a  reason 
for  the  strong  dependence  of  the  relaxation  time  on  the  excitation.  Further  work  is,  however, 
needed  to  clarify  this  issue. 

Authors  are  grateful  to  A.P.Levanuyk  for  critical  reading  of  the  manuscript  and  numerous 
discussion.  The  work  was  supported  in  parts  by  Spanish  MCYT  (  BFM2000-0016)  and  by 
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ABSTRACT 

Magnetotransport  properties  of  granular  C1O2  /C^Cb  films  made  of  C1O2  crystals  covered 
by  1-  2  nm  native  insulating  Cr203  are  presented.  Electrical  properties  of  a  limited  number  of 
grains  measured  in  series  and  parallel  (10  to  15  grains)  reveal  intergrain  tunneling  characteristics. 
At  lowest  temperatures,  a  well  pronounced  zero  bias  anomaly  indicates  that  impurities  in  the 
junctions  block  the  electronic  flow. 

Hysteresis  in  the  IV  curves  are  observed  at  intermediate  temperatures  on  zero-field 
cooled  samples.  Changing  the  polarity  of  a  short  excitation  pulse  (100ns)  of  amplitude  smaller 
than  1  V  triggers  a  change  in  the  zero-bias  resistance  by  10-50%.  These  states  are  stable  and 
well  reproducible  in  the  temperature  interval  ranging  from  100K  to  250K.  Applying  an  external 
magnetic  field  cancels  the  IV  hysteresis.  The  resistance  of  the  devices  in  the  kQ.  range,  the 
potential  high-speed  for  writing  and  reading  the  resistance  sate,  make  these  systems  interesting 
candidates  for  magnetic  non-volatile  memories. 

INTRODUCTION 

The  integration  of  magnetic  materials  in  electronic  components  has  become  of  increasing 
importance  since  the  boost  of  research  and  development  efforts  initiated  by  the  discovery  of 
giant  magnetoresistance  effects.  This  new  area  of  “spintronics”  [1]  opens  the  possibility  to  use 
magnetic  configuration  control  as  an  extra  degree  of  freedom  for  tuning  the  electric  transport 
properties.  The  materials  with  high  degree  of  spin  polarization  are  the  most  desired  for  potential 
application  in  metal/insulator/metal  devices  [2],  and  magnetic  multilayer  geometries  [3,  4]. 

Chromium  dioxide  (C1O2)  is  among  the  best  candidates  for  half-metallic  ferromagnetic 
systems.  Evidence  of  large  spin  polarization  of  conduction  electrons  has  been  observed  using 
several  methods  [5-7].  Magnetoresistance  (MR)  measurements  have  been  reported  in 
polycrystalline  films  [8-10],  epitaxial  films  [10-  12]  and  powder  compacts  of  Cr02[13]. 
Magnetoresistance  values  reaching  50%  have  been  observed  on  CTO2JCT2O3  composites  at  low 
temperature  [13].  The  results  were  explained  in  terms  of  intergrain  tunneling,  and  the  large 
magnetoresistance  (MR)  values  were  attributed  to  the  high  degree  of  spin  polarization  existing  in 
Cr02.  In  spite  of  relatively  high  Tc,  of  about  390K,  the  MR  value  decays  rapidly  with  increasing 
temperature  and  disappointed  few  percent  remains  at  ambient  temperature.  A  possible 
explanation  of  such  a  behavior  is  given  in  terms  of  Coulomb  blockade  effects  [14]. 

Another  attractive  feature  of  spin-electronic  devices  is  the  possibility  of  current  induced 
magnetization  reversal.  Injection  of  spin-polarized  electric  current  can  modify  the  magnetic 
states  of  a  small  ferromagnet.  This  spin-transfer  effect  was  theoretically  predicted  by  Berger  [15] 
and  Slonczewski  [16]  and  there  are  several  experiments  giving  evidence  of  modification  of  the 
magnetization  configurations  in  nano-magnetic  materials  induced  by  an  electric  current  [17-22]. 


139 


Fig.l  Optical  micrograph  (left)  and  SEM  picture  (right)  of  the  chromium  oxide 
thin  films.  Left  picture  show  the  geometry  and  typical  size  of  mechanically  scribed 
samples.  Right  picture  shows  a  low-density  film  exhibiting  typical  sizes  and  shapes  of 
the  C1O2  crystals. 


In  this  paper  we  report  the  results  of  our  study  of  compact  powder  C1O2  in  wide 
temperature  interval  of  1.5-  275K.  Large  bias  current  were  applied  in  order  to  investigate  the 
possibility  of  current-induced  switching. 

SAMPLE  PREPARATION 

Polycrystalline  C1O2  films  were  made  by  RF  sputtering  of  a  Cr03/Cr205  target  (obtained 
by  sintering  a  pressed  Cr03  powder  at  150°C)  onto  LaA103  substrates  and  annealing  in  a  high 
pressure  cell.  The  sputtering  was  performed  under  of  10  mtorr  argon  and  2  mtorr  oxygen 
pressure.  Thickness  of  Ci03  films  ranged  between  0.1  urn  and  l(im.  Treatment  in  about  100 
aims  of  oxygen  pressure  at  390°C  for  10  hours  lead  to  stable  Cr02  phase,  as  confirmed  by  X-ray 
diffraction  diagrams,  with  no  detectable  trace  of  Cr203.  The  thinnest  annealed  films  showed  a 
grain  density  of  about  10  ciystals  every  100nm2  area  (Fig.l).  The  grains  were  generally 
elongated  shapes,  typically  5pm  long  and  0.5pm  wide.  Subsequent  mechanical  scribing  allowed 
us  to  limit  the  sample  to  a  limited  number  of  crystals  [14]  (10-15)  in  series  and  in  parallel  (Fig. 

1).  Electrical  contacts  separated  by  typically  200  microns.  Measurements  were  performed  by 
DC  and  AC  techniques  in  a  4-probe  geometry. 

RESULTS  AND  DISCUSSION 

Photoemission  experiments  revealed  that  the  CrCh  crystals  are  covered  by  1  -  2  nm  of 
insulating  Cr203  [23].  This  thermodynamically  more  stable  oxide  phase  plays  the  role  of  the 
native  tunnel  barrier  between  two  adjacent  crystallites.  The  temperature-dependent 
magnetoresistance  properties  for  thick  films  (Fig.  2)  are  in  qualitative  agreement  with  previously 
reported  results  by  others  (for  example  [13]).  The  insert  shows  R(H)  curves,  normalized  to  R(  H 
=  IT).  Increasing  the  applied  field  up  to  9T  shows  continuous  drop  of  resistance  without  visible 
saturation,  which  is  consistent  with  scattering  by  magnetic  impurities  in  the  C1O2  crystals  [24], 
Systematic  studies  of  the  TV  curves  and  bias -dependent  magnetoresistance  properties,  combined 
with  photoemission  studies  [14],  showed  that  the  low-temperature  magnetoresistance  is 
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T  (K) 


Fig.2  Temperature  dependence  of  magnoresistance  (R(H)-R(H=1  T)/R(H=1  T), 
lormalized  to  R  at  H=  IT.  Curves  at  several  temperatures  are  depicted  in  the  insert. 


enhanced  by  Coulomb  blockade  effects  though  co-tunneling  leakage  current  [25].  Inclusions  in 
the  barrier  or  near  the  Cr02/Cr2C>3  interface  play  the  role  of  Coulomb  island,  of  several  meV 
blocking  energy. 

The  related  zero-bias  anomaly  at  lowest  temperature  is  commonly  attributed  to  blockade 
of  current  by  impurities  in  the  barrier.  Comparisons  of  the  zero-bias  anomaly  voltage  width  with 


Fig.  3.  Left:  Differential  resistance  dV/dl  versus  applied  DC  bias  at  different 
temperatures.  A  zero  bias  anomaly  is  pronounced  at  low  temperatures  and  hysteresis  in  the 
curve  is  fount  at  higher  temperatures.  Right:  Differential  conductance  dl/dV  curve,  measured 
at  245  K,  shows  indications  of  a  threshold  behavior  for  the  hysteresis 
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observations  by  others  [26],  allows  us  to  estimate  that  around  10  junctions  are  measured  in 
series. 

Sequential  tunneling  dominates  the  electronic  transport  in  intergrain  junctions  at 
temperatures  higher  than  several  tens  of  K  [14].  The  resistance  versus  voltage  (current)  curves 
show  non-reproducible  characteristics.  More  precisely,  hysteretic  behavior  in  these  curves  is 
observed  in  temperatures  ranging  from  100  K  to  250  K,  being  occasionally  as  low  as  40  K  and  as 
high  as  300  K.  (Fig.  3,  Fig.4).  The  effect  disappears  after  applying  a  magnetic  field  typically 
larger  than  1  kOe,  and  the  resistance  value  stabilizes  within  the  envelope  of  the  hysteretic  curve 
(Fig.  4).  Heating  effects  when  biasing  the  sample  with  large  voltage  (current)  values  are  limited, 
because  the  normal  IV  curve  observed  after  applying  a  magnetic  field  becomes  hysteretic  again 
after  heating  the  sample  to  more  than  400  K,  and  cooling  under  zero-field.  These  observations 
indicate  that  the  hysteresis  in  the  IV  curves  has  a  magnetic  origin,  related  to  the  magnetic 
configuration  at  the  junctions  interfaces.  The  amplitude  A  of  the  bistability  was  investigated  as  a 
function  of  the  maximum  voltage,  and  a  threshold-type  behavior  was  found.  We  also  tested  the 
speed  of  the  process,  being  able  to  keep  the  same  A  value  when  reducing  the  pulse  duration  down 
100  ns  (Fig.  5).  Note  that  one  state  is  less  reproducible  than  the  other  when  applying  a  voltage 
pulse.  This  observation  at  245  K  is  related  to  the  observation  of  a  “fast”  time  decay  of  the  high 
conductance  state,  showing  a  relaxation  behavior  of  typical  104  s  time  scale  at  275  K.  Our 
experimental  set-up  essentially  limits  the  pulse  time,  where  amplifying  electronics  external  to  the 
cryostat  are  connected  by  significant  cabling  impedance,  absorbing  half  of  the  charge 
correspondigng  to  the  100  ns  pulse. 

Although  the  origin  of  this  bi-stable  memory  effect  is  yet  to  be  understood,  the  relevance 
of  a  model  of  current  induced  magnetization  switching  is  discussed.  The  existence  of  threshold 
potential  and  the  effect  of  a  magnetic  field  could  be  ascribed  to  spin  transfer  on  the 


Fig.  4.  Differential  resistance  as  a  function  of  current  bias  for  10-15  chromium 
junctions  in  series  at  1 15  K.  Left:  the  resistance  value  after  a  positive  bias  is 
significantly  smaller  than  after  a  negative  bias.  Right:  the  effect  disappears  after 
applying  a  magnetic  field. 
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magnetization  direction  of  a  small  magnetic  impurity,  embedded  in  the  barrier  between  two 
crystal  with  initial  antiparallel  alignment.  We  suppose  a  system  made  of  two  large  magnets 
corresponding  to  the  two  neighbor  CrC>2  crystals,  and  a  nanomagnet  embedded  in  the  barrier, 
causing  the  observed  Coulomb  blockade  at  low  temperatures.  The  nanomagnet  orientation  is 
being  flipped  parallel  to  the  magnetization  of  the  source  of  spin-polarized  electrons.  Reversing 
the  current  direction  will  the  change  the  magnetic  orientation  of  the  nanomagnet.  IN  such  a 
device  made  of  two  tunnel  junctions  is  series,  with  one  junction  in  the  parallel  configuration 
(source)  and  the  other  one  anti-parallel(drain).  Reversing  the  current  exchange  thw  two 
configurations.  If  one  resistance  is  intrinsically  very  different  form  the  other  (for  example  if  the 
nanomagnet  is  not  equidistant  from  the  two  electrodes),  the  current-induced  change  of  resistance 
A  can  reach  the  tunnel  magnetoresistance  value.  An  applied  external  field  would  realign  the 
magnetizations  at  the  interfaces  and  the  asymmetry  in  the  system  vanishes.  The  existence  of 
antiparallel  magnetic  alignment,  which  cannot  be  retrieved  after  applying  an  external  magnetic 
field,  is  reminiscent  of  findings  on  magnetic  multilayers  used  for  CPP-MR  investigations  [27],  In 
other  words,  the  antiparallel  alignment  of  two  neighbor  crystals  is  maximized  when  the  samples 
are  in  a  virgin  random  magnetic  state.  An  essential  limitation  for  current-induced  magnetization 
switching  on  tunnel  junctions  systems  is  the  necessity  to  apply  very  large  current  densities. 
Investigations  on  Co  nanomagnets  showed  critical  current  densities  values  larger  than  107  A/cm2 
[18,  22]  for  area  typically  103-  104  nm2,  in  agreement  with  theoretical  predictions.  If  we  consider 
that  a  current  of  1  pA  is  forced  though  an  island  of  a  few  nm  in  diameter,  current  densities  of  107 
A/cm2  can  be  reached.  It  corresponds  to  our  observation,  where  several  tens  of  pA  were 
necessary  to  observe  bistability.  Such  effects  were  only  found  on  samples  with  thin  Cr203 
barriers,  of  a  few  kQ  estimate  of  single  junction  resistance,  and  therefore  classified  in  the  strong 
tunneling  regime  [14]. 


Time  (a.  u.) 

Fig.  5.  Zero-bias  conductance  after  applying  a  100  ns  pulse  of  1  V  amplitude  at  time  values 
orresponding  to  the  arrows.  The  temperature  is  245  K.  The  high-conductance  state,  lacking 
eproducibility  after  applying  a  voltage  pulse,  shows  strong  relaxation  effects  at  higher  temperatures. 
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CONCLUSIONS 


Chromium  oxide  junctions,  showing  Coulomb  blockade  effects  at  low  temperatures,  exhibit 
bistable  resistance  values  at  zero  bias  after  applying  a  voltage  of  around  1  V,  involving  a  current 
of  a  few  tens  of  juA.  The  typical  resistance  values  of  several  kX2  of  our  samples  make  them  of 
interest  for  applications  as  non-volatile  memory  devices.  A  model  of  current-induced  switching 
is  used  to  explain  the  results,  using  a  geometry  involving  a  small  particle  trapped  between  two 
large  magnets  with  antiparallel  alignments.  We  show  that  current  densities  approaching  those 
predicted  and  observed  for  metallic  systems  can  be  realized  in  strong  tunneling  regime  involving 
very  low  area  junctions. 
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ABSTRACT 

We  use  High  Resolution  Electron  Microscopy  together  with  Electron  Energy  Loss 
Spectroscopy  to  analyze  the  crystallography  and  the  chemical  configuration  of  a  Co/SrTi03 
interface  in  a  Co/SrTi03/La2/3Sri/3Mn03  magnetic  tunnel  junction. 


PACS:  75.47.-m,  75.70.Cn,  68.37.Lp,  79.20.Uv 
INTRODUCTION 


Magnetic  tunnel  barriers  present  a  conduction  that  depends  on  the  respective  spin 
polarizations  of  the  two  electrodes.  Because  it  is  a  half  metal,  the  La2/3Sri/3Mn03  (LSMO) 
compound  is  very  interesting  as  a  probing  electrode  for  spin-dependent  spectroscopy:  voltage- 
dependent  measurements  at  low  bias  should  in  principle  reflect  the  spin-dependent  density  of 
states  of  the  other  electrode.  Several  systems  have  thus  been  studied  by  varying  the  material  of 
the  second  electrode  (Co,  FeNi)  and  also  the  nature  of  the  insulator  [SrTi03  (STO)  amorphous 
A1203,  Cet-*LaxO(2-x)/2L  as  the  insulator  also  plays  a  role  as  a  spin  filter  [1],  [2],  These  studies 
outline  the  key  role  played  by  the  interfaces  in  such  devices.  Our  analytical  work  on  the 
STO/LSMO  interface  is  published  elsewhere  [3],  [4],  [5].  Here,  we  present  the  analysis  of  the 
Co/STO  interface  in  a  Co/STO/LSMO  junction.  This  kind  of  junction  still  gives  rise  to  TMR 
effects  at  330K,  which  is  quite  close  the  Tc  of  the  LSMO  thin  films  used  as  first  electrode.  The 
understanding  of  the  behavior  of  these  heterostructures  requires  the  use  of  characterization 
methods  that  can  probe  one  monolayer  at  the  interface.  Transmission  electron  microscopy 
(TEM)  in  cross  section  is  particularly  suitable  in  such  a  case.  In  this  paper,  we  present  an  atomic 
scale  characterization  by  high  resolution  TEM  (HRTEM)  and  electron  energy  loss  spectroscopy 
(EELS)  in  scanning  TEM  (STEM). 

More  precisely  in  a  Co/STO/LSMO  tunnel  junction,  the  atomic  configuration  at  the 
Co/STO  interface  determines  the  polarization  of  the  tunneling  electrons  that  are  emitted  or 
accepted  by  the  cobalt  electrode.  De  Teresa  et  al.  [1]  have  observed  inverse  magnetoresistance  in 
Co/STO/LSMO  tunnel  junctions,  suggesting  that  the  spin  of  conduction  electrons  at  the  Co/STO 
interface  is  antiparallel  to  the  magnetization.  They  explained  that  tunneling  electrons  through  an 
STO  barrier  are  d-band  electrons  and  that  the  d-band  in  cobalt  or  at  a  cobalt  surface  [6]  happens 
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to  be  larger  at  the  Fermi  level  for  minority  spins.  Recently,  Oleinik  et  al.  have  performed 
electronic  structure  calculations  of  the  fee  Co(100)/STO  interface,  considering  various  atomic 
configurations  [7].  These  authors  concluded  that  the  most  stable  interface  configuration  between 
fee  Co  (100)  and  SrTi03  is  C0/T1O2,  with  Co  atoms  lying  on  top  of  O  anions.  With  this 
configuration,  they  found  a  magnetic  moment  of  0.25pB  on  the  interfacial  Ti  cations.  As  this 
magnetic  moment  was  aligned  antiparallel  to  the  magnetization  of  the  Co  layer,  they  claimed  that 
this  might  be  at  the  origin  of  the  inverse-TMR  observed  by  de  Teresa  et  al..  Oleinik  et  al.  also 
pointed  out  the  lack  of  experimental  structural  data  concerning  such  heterostructures.  This  is 
precisely  what  we  bring  here,  on  a  junction  prepared  with  the  same  equipment  as  that  studied  by 
De  Teresa  etal.  [1]. 

GROWTH 

We  grow  the  oxide  films  by  Pulsed  Laser  Deposition  (PLD),  a  technique  that  allows  the 
transfer  of  the  cationic  stoichiometry  from  the  target  to  the  substrate  [8].  Using  optimized  growth 
parameters,  thin  LSMO  films  grown  on  (001 )  SiTi03  (STO)  substrates  exhibit  physical 
properties  more  or  less  comparable  to  the  bulk  ones,  depending  on  the  deposited  thickness  [9].  In 
more  detail,  a  frequency  tripled  Nd:YAG  laser  (A,=355  nm)  has  been  focused  on  a  sintered 
stoichiometric  target  of  LSMO.  During  the  deposition,  the  STO  substrates  have  been  heated  to  a 
temperature  of  720°C  and  the  oxygen  pressure  in  the  chamber  has  been  set  to  0.35  Torr.  The 
STO  1.5-nm  thin  barrier  was  deposited  in  the  conditions  optima  for  LSMO  (with  the  same 
oxygen  pressure).  At  the  end  of  the  deposition,  that  pressure  was  raised  to  300  Torr  and 
maintained  at  this  value  during  the  cooling  of  the  sample.  The  STO/LSMO  interface  is  abrupt  [4] 
and  presents  no  significant  chemical  segregations  [3]. 

Cobalt  was  deposited  on  top  of  STO  by  sputtering  in  another  equipment.  The  transfer 
between  the  PLD  and  sputtering  equipments  has  been  performed  under  nitrogen,  with  a  brief  (<  1 
min)  exposition  to  ambient  air. 

EXPERIMENTAL  METHODS 

Cross-sectional  samples  for  TEM  have  been  thinned  by  mechanical  polishing,  using  a  tripod 
polisher  to  about  5  to  10  pm,  then  ion-milled  using  a  Gatan-PIPS  ion  miller  (Ar,  2.5keV,  6°) 
until  electron  transparent  [10].  Transmission  electron  microscopy  has  been  carried  out  using  a 
Topcon  EM002B  electron  microscope,  operated  at  200kV  (0.19  nm  spatial  resolution).  In  order 
to  interpret  HRTEM  images,  we  have  compared  the  experimental  pictures  with  simulated  images 
calculated  with  the  EMS  software  package  using  the  multislice  method  [1 1].  We  have 
determined  the  best  imaging  conditions  by  calculating  thickness/defocus  maps.  Since  Co  is  not 
oriented  as  to  give  a  definite  HRTEM  contrast,  we  have  optimized  the  STO/LSMO  contrast.  The 
best  defocus  values  are  between  -30  nm  and  -40  nm  for  a  sample  thickness  laying  between  17.2 
nm  and  18,5  nm.  Under  these  conditions,  the  bright  dots  observed  in  STO  correspond  to  the 
projection  of  both  atomic  columns  of  strontium  and  TiO.  The  bright  dots  seen  in  the  LSMO 
correspond  to  the  projection  of  MnO  atomic  columns,  whereas  lanthanum/strontium  columns  are 
imaged  weakly  [3],  For  the  clarity  of  the  interpretations,  we  refer  to  the  pseudo-cubic  unit  cell  of 
LSMO  (instead  of  the  R-3C  rhombohedral  one)  for  which  the  lattice  parameter  is  cio  -  0.3873  nm 
and  the  pseudo-cubic  angle  is  a=  90.26°  [12].  This  symmetry  is  preferred  because  of  its 
similarity  to  the  STO  symmetry  (a0  =  0.3905  nm,  a=  90°). 
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Figure  1.  HRTEM  picture  of  the  Co/STO/LSMD  tunnel  junction.  The  white  circles  indicate 
the  path  and  size  of  the  probe  used  for  the  EELS  spectrum  lines. 

EELS  experiments  have  been  performed  in  a  VG  HB  501  dedicated  STEM,  operated  at  1 00 
kV  with  a  field  emission  gun  and  equipped  with  a  Gatan-PEELS  spectrometer  coupled  to  a  CCD 
detector  by  optical  lenses.  We  have  focused  on  the  Energy-Loss  Near  Edge  Structure  (ELNES) 
of  elements  constituting  the  tunnel  junction.  Reference  spectra  for  the  studied  edges  (O- 1  s, 
Co-2p)  have  been  recorded  from  the  “bulk”  part  of  the  thin  foil.  Energy  dispersions  as  low  as 
0.2eV  have  been  used,  leading  to  an  energy  resolution  of  about  0.6eV  (measured  on  the  zero-loss 
peak).  The  spectrum  line  method  [13]  has  been  employed  to  record  several  spectra  across  the 
interfaces.  In  this  mode,  the  probe  (0.7nm)  is  scanned  across  the  interface  along  a  line  inclined  of 
about  25°  with  respect  to  the  interface  (Fig.  1).  The  large  amount  of  data  recorded  using  this 
procedure  have  been  processed  using  different  mathematical  tools  including  the  Multivariate 
Statistical  Analysis  (MSA)  technique  and  the  Normalized  Spatial  Difference  (NSD)  [14],  [15], 
the  Non  Negative  Least  Square  (NNLS)  fit  to  enhance  particular  features. 

RESULTS  AND  DISCUSSION 

In  this  section,  we  describe  and  discuss  the  atomic  configuration  at  the  Co/STO  interface. 
Figure  2  is  an  overview  of  the  whole  Au/CoO/Co/STO/LSMO  heterostructure  deposited  on  a 


(001)  STO  substrate.  Electron  diffraction  patterns  (not  presented  here)  evidence  that  the  Co  layer 
is  polycrystalline  and  textured.  The  digital  diffractogram  shown  in  inset  of  Fig.  2  corroborates 
that  the  growing  planes  of  the  cobalt  layer  are  mainly  the  (0001)  planes  of  the  hexagonal  (hep) 
structure  of  bulk  Co.  The  main  feature  in  this  micrograph  is  the  presence  of  steps  at  the  Co/STO 
interface.  Further  examination  of  these  steps  reveals  that  their  height  is  of  the  Older  of  the  lattice 
constant  of  STO  (at  equilibrium:  0.3905nm)  and  is  the  same  for  each  step.  These  steps  are 
periodically  distributed  along  the  interface,  leading  to  a  misorientation  between  the  interface  and 
the  crystallographic  planes  of  about  2°,  which  is  roughly  the  nominal  substrate  misorientation. 

As  stacking-faults  (Ruddlesden-Popper  faults)  are  observed  in  neither  the  LSMO  nor  the  STO 
layer,  and  considering  the  height  of  the  steps,  we  can  state  that  the  termination  of  the  STO  barrier 
is  of  the  same  type  along  die  observed  area  of  the  sample.  It  means  that  the  Co  atoms  located  at 
the  interface  roughly  have  the  same  environment  whatever  their  location. 


A  thorough  investigation  of  HRTEM  contrast  using  image  simulation  allows  us  to 
discriminate  the  various  cationic  sites  in  both  the  LSMO  and  STO  layers.  The  comparison 
between  experimental  and  simulated  through-focus  series  [3]  leads  to  the  conclusion  that,  in  Fig. 
1  and  Fig.  2,  the  large  bright  dots  in  the  LSMO  layer  correspond  to  the  Mn  site,  whereas  the 
small  bright  dots  are  the  image  of  the  La^Sri#  atomic  columns.  The  situation  is  a  little  more 
complex  in  the  case  of  STO:  the  bright  dots  for  both  cationic  site  (Sr  and  Ti)  give  roughly  the 
same  intensity  in  experimental  pictures.  As  we  have  shown  previously  [3],  the  perovskite 
stacking  sequence  is  kept  across  the  LSMQ/STO  interface.  It  is  thus  possible  to  discriminate 
between  the  Sr  and  Ti  site  in  the  STO  layer:  Ti  cations  are  located  in  the  continuation  of  the  Mn 
atomic  rows.  The  next  step  in  the  investigation  is  the  determination  of  the  atomic  plane  of  the 
STO  layer  on  which  the  Co  layer  will  be  deposited.  HRTEM  images  reveal  that  on  the  terraces 
between  the  steps  described  above,  the  last  well-crystallized  layer  is  mainly  a  Ti02  layer  (Fig.  1), 
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which  is  consistent  with  a  recent  work  indicating  that  the  last  ordered  layer  at  an  STO  { 100 ) 
surface  annealed  under  O2  at  high  temperature  is  made  of  Ti06  octahedra  [16].  Between  that 
layer  and  the  first  Co  metallic  layers,  the  transition  plane  exhibits  in  Fig.  2  weaker  white  dots  at 
the  places  of  the  Sr  columns  of  STO,  and  a  contrast  increase  for  the  two  first  planes  of  Co. 
However,  these  details  do  not  show  in  Fig.  1 ,  which  is  taken  at  a  different  defocus. 

Further  information  about  this  layer  is  obtained  by  EELS.  Using  signal  processing  routines 
such  as  MSA  and  NSD,  we  have  observed  that  the  0-1  s  edge  is  the  combination  of  two  signals  at 
the  STO/Co  interface:  the  spectra  acquired  as  the  probe  is  located  at  the  interface  are  a 
combination  of  those  coming  from  STO  and  cobalt  monoxide  (CoO)  (Fig.  3).  Moreover,  the  non¬ 
negative  least  square  (NNLS)  fit  of  the  whole  spectrum  line  with  the  internal  STO  and  CoO 
references  confirms  the  presence  of  CoO-type  bonding  over  a  width  of  the  order  of  a  nanometer 
at  the  interface  (Fig.  3b).  The  Co-2p  edge  also  experiences  a  change  of  its  shape  at  the  Co/STO 
interface,  which  corroborates  the  previous  analysis.  This  tends  to  indicate  that  the  experimental 
Co/STO  interface  is  not  as  simple  as  the  one  assumed  in  the  calculation  [7],  as  it  includes  an 
intermediate  layer.  Whether  that  layer  acts  as  a  supplement  to  the  barrier  or  not,  and  whether  it  is 
paramagnetic  or  carries  a  magnetization  opposite  to  that  of  cobalt  (Neel  temperature  of  bulk 
antiferromagnetic  CoO  is  292K  [17]),  remains  to  be  demonstrated. 


CONCLUSIONS 

We  have  analyzed  an  interface  that  had  been  the  object  of  magneto-transport  measurements 
[1]  and  electronic  structure  calculations  [7].  The  latter  was  based  on  the  assumption  of  fee  cobalt, 
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Figure  3.  (a)  EELS  O-ls  edges  recorded  in  the  CoO  and  STO  layers  (top)  to  serve  as 
references  for  the  analysis  of  the  same  edge  at  the  Co/STO  interface.  Bottom:  normalized 
spatial  difference  (NSD)  spectrum  at  the  interface  (full  line)  compared  with  a  weighted 
difference  between  CoO  and  STO  references  (dotted  line),  (b)  Non-negative  least  square 
(NNLS)  fit  of  the  O-ls  edge  spectrum  line,  using  the  O-ls  edges  in  the  LSMO,  STO  and  CoO 
layers  as  internal  references,  which  unambiguously  indicates  the  presence  of  CoO  at  the 
interface  over  a  distance  of  the  order  of  the  nm. 
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(100)  oriented.  The  first  fact  we  bring  is  that  the  actual  layer  is  hep  and  polycrystalline,  with  a 
0001  texture.  The  calculations  [7]  involving  energy  minimization  are  structure  specific  and 
cannot  therefore  apply  to  our  particular  experimental  device.  However,  the  interpretations  of  the 
inverse  magnetoresistance  in  terms  of  cobalt  density  of  state  [1]  can  still  hold  as  the  d-band 
configuration  at  the  Fermi  level  does  not  significantly  depend  on  whether  the  cobalt  is  fee  or  hep 
or  on  its  orientation.  On  the  other  hand,  the  layer  of  atomic  thickness  seen  at  the  interface  (be  it 
CoO  or  other)  probably  influences  the  TMR  but  how  this  influence  is  important  is  difficult  to 
assess. 
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ABSTRACT 

The  electronic  properties  of  arrays  and  isolated  magnetite  nanocrystals  were  studied  using 
tunneling  spectroscopy.  Macroscopic  tunnel  junctions  were  used  to  study  stacked  arrays  of  the 
nanocrystals.  The  temperature  dependent  resistance  measurements  showed  an  abrupt  increase  of 
the  resistance  around  100  K,  attributed  to  the  Verwey  metal- insulator  transition,  while  the 
current-voltage  characteristics  exhibit  a  sharp  transition  from  an  insulator  gap  to  a  peak  in  the 
density  of  states  near  the  Fermi  energy.  This  conductance  peak  was  sensitive  to  in-plane 
magnetic  field  showing  large  magnetoresistance.  The  tunneling  spectra  obtained  on  isolated 
particles  using  a  Scanning  Tunneling  Microscope  exhibit  a  gap-like  structure  below  the  transition 
temperature  that  gradually  disappeared  with  increasing  temperature,  ending  with  a  small  peak 
structure  around  zero  bias. 

INTRODUCTION 

The  Verwey  metal-insulator  transition  observed  in  magnetite  (Fe304)  has  continuously 
attracted  interest  since  its  discovery  more  than  60  years  ago[l].  Magnetite  is  a  relatively  good 
conductor  at  room  temperature  and  on  cooling  below  120K  its  conductivity  sharply  drops  by  two 
orders  of  magnitude.  It  was  described  as  a  first-order  metal-insulator  transition  accompanied  by  a 
structural  phase  transition  where  the  cubic  symmetry  of  the  Fe304  crystal  is  broken  by  a  small 
lattice  distortion  [2].  While  the  exact  nature  of  the  transition  is  still  under  controversy,  it  is 
understood  that  the  driving  force  for  this  phenomenon  is  the  strong  electron-electron  and 
electron-lattice  interactions  in  the  system. 

Special  attention  has  been  focused  on  the  roles  played  by  long-range  and  short-range  charge 
ordering  in  driving  the  Verwey  transition.  The  former  is  believed  to  exist  below  the  transition 
temperature.  Tv,  and  the  latter  sustains  well  above  it.  The  long-range  order  manifests  itself  by 
opening  a  gap  in  the  electronic  density  of  states  (DOS)  around  the  Fermi  level  (Ef).  This  gap  was 
detected  by  photoemission  [3,4],  optical  [5],  and  tunneling  [6]  spectroscopies.  The  effect  of 
short-range  ordering  on  the  DOS  is  not  as  clear.  However,  recent  photoemission  experiments 
[3,4]  suggest  that  a  reduced  gap  in  the  DOS,  associated  with  a  short-range  ordering,  still  exists 
well  above  the  transition  temperature. 

In  view  of  the  importance  of  long-range  charge  ordering  in  determining  the  electronic 
properties  below  Tv,  an  intriguing  question  arises:  Could  the  Verwey  transition  be  observed  in 
nanoscale  magnetite  crystals  of  diameter  measuring  several  unit  cells?  Recently,  Poddar  et  al. 
reported  on  the  observation  of  a  sharp  Verwey  transition  in  arrays  of  Fe304  (magnetite) 
nanoparticles  of  average  size  around  5.5  nm.  This  transition  was  manifested  both  in  a  resistance 
jump  as  well  as  in  a  change  in  the  tunneling  spectra  measured  on  the  arrays.  However,  it  was  not 
clear  whether  the  observed  transition  pertained  to  the  single  nanocrystal  (NC)  or  was  a  collective 
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array  effect.  In  this  paper  we  present  scanning  tunneling  spectroscopy  results  on  single 
nanoparticles,  providing  evidence  that  the  transition  occurs  in  isolated  magnetite  NCs.  The 
tunneling  spectra  show  a  gap  structure  in  the  DOS  below  Tv,  which  gradually  transforms  into  a 
peak  around  Ef. 

EXPERIMENTAL  DETAILS 

The  details  of  magnetite  NCs  array  preparation  are  described  elsewhere  [7],  After  synthesis, 
the  NCs  were  coated  with  oleic  acid,  dispersed  in  non-polar  organic  solvents  and  separated  by 
employing  size  selective  precipitation  to  produce  uniform  samples  of  NCs  in  the  3-10  nm  size 
range.  Transmission  electron  microscopy  (TEM)  was  used  for  size  determination  as  well  as  to 
confirm  the  formation  of  NC  monolayers.  The  monolayers  were  produced  by  depositing  the 
hydrophobic  magnetite  nanocrystals  from  heptane  solution  at  the  air-water  interface  and 
compressing  the  film  two-dimensionally  to  form  a  close-packed  array.  For  the  fabrication  of  the 
junctions,  arrays  of  gold  lines  (width  =  80pm)  and  a  thickness  of  100  nm  were  deposited  on  a 
doped  Si  substrate  with  a  100  A  thick  oxide  layer.  Consequently,  five  monolayers  of  Fe304  NCs 
were  transferred  from  the  air-water  interface  onto  the  patterned  substrates  using  the  Langmuir- 
Schafer  technique.  A  second  array  of  gold  lines  perpendicular  to  the  bottom  electrodes  was 
deposited  by  thermal  evaporation  through  a  shadow  mask  on  top  of  the  films  while  the  substrate 
was  maintained  at  20  C.  The  electrical  contacts  were  formed  by  fixing  Cu  wires  to  pads  on  the 
gold  electrodes  using  silver  paste  [8], 

For  the  scanning  tunneling  microscopy  (STM)  measurements,  the  magnetite  particles  were 
spin-coated  on  gold  films  deposited  on  mica  substrates  and  then  dipped  in  oleic  acid  solution. 
The  fatty  acid  molecules  served  as  a  protecting  layer  against  NC  oxidation.  All  this  procedure 
was  performed  in  an  inert  atmosphere.  The  low  temperature  tunneling  spectra  were  obtained 
using  the  double  barrier  tunnel  junction  configuration,  by  positioning  the  STM  tip  above  single 
NCs  [9,10],  The  tip  was  retracted  as  far  as  possible  from  the  NC  in  order  to  form  a  highly 
asymmetric  tunneling  configuration  and  thus  reduce  single  electron  charging  effects  [10,1 1], 

This  was  facilitated  by  the  preparation  procedure  that  ensured  a  relatively  large  capacitance  and 
small  resistance  (large  tunneling  rate)  for  the  substrate-NC  tunnel  junction.  Nevertheless,  many 
NCs  did  show  charging  effects  that  dominated  the  tunneling  characteristics,  thus  masking  the 
intrinsic  NC  density  of  states,  and  only  about  ten  NCs  could  be  used  for  studying  the  temperature 
dependence  of  the  DOS  around  Tv. 

RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  the  two-terminal  resistance  of  a  macroscopic  tunnel  junction 
is  shown  in  Figure  la.  The  sharp  resistance  jump  observed  at  100±5  K  clearly  manifests  the  first- 
order  Verwey  transition.  The  typical  transition  temperature  measured  for  the  arrays  is  smaller 
than  Tv  observed  for  high-quality  bulk  samples  (-120  K).  This  may  be  due  to  either  surface  or 
finite  size  effects.  This  temperature  is  independent  of  the  bias  voltage  used  in  the  measurement 
but  magnitude  of  the  resistance  jump  decreases  with  increasing  bias  due  to  non-linearity.  In 
Figure  lb  we  present  dl/dV  vs.  V  tunneling  spectra  measured  above  and  below  Tv,  both  with  and 
without  applying  an  in-plane  magnetic  field.  Two  significant  effects  can  be  observed  in  these 
data:  1 .  A  pronounced  change  in  the  tunneling  conductance  curve  takes  place  on  cooling  through 
Tv-  The  sharp  peak  around  zero  bias  (Ef)  seen  right  above  Tv  disappears  abruptly,  and  a  region  of 
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T(K)  Bias  (V) 

Figure  1 .  (a)  Magnetite  nanocrystal  film  resistance  as  function  of  temperature  for  three  bias 
voltage  values.  Inset:  TEM  image  of  a  magnetite  NC  monolayer  with  average  particle  size  of 
5.5  nm.  (b)  Differential  conductance  vs.  bias  voltage  above  and  below  the  transition 
temperature,  with  (black  lines)  and  without  (gray  lines)  in-plane  magnetic  field  of  2.5  kOe. 

low  conductance  sets-in  instead  below  Tv.  2.  Upon  application  of  an  external  magnetic  field  the 
conductance  peak  broadens  and  shifts  to  negative  bias,  resulting  in  a  large  negative 
magnetoresistance  around  zero  bias.  These  effects  were  reversible  and  reproducible  through 
several  cooling-heating  cycles  [8]. 

The  macroscopic  tunnel  junctions  are  perceived  as  consisting  of  parallel  percolating  current 
paths,  where  each  path  may  include  several  inter-particle  junctions.  Hence,  the  details  of  the 
current-voltage  curves  are  determined  not  only  by  the  single-particle  electronic  structure  but  also 
by  the  RC  constants  of  the  various  inter-particle  tunneling  junctions  along  the  current  paths. 
However,  since  the  RC  characteristics  of  the  junctions  are  not  sensitive  to  temperature,  we 
believe  that  the  abrupt  change  in  the  tunneling  spectra  is  a  manifestation  of  the  MI  transition  in 
the  single  particle.  In  particular,  it  appears  that  in  the  metallic  phase  (above  100  K),  the 
conductance  peak  near  the  Fermi  level  reflects  the  narrow  conduction  band  of  magnetite,  as 
previously  observed  on  bulk  samples  [12].  Below  Tv  the  region  of  low  conductance  around  zero 
bias  results  from  opening  a  gap  in  the  DOS  around  Ef  of  the  NCs,  but  its  width  is  determined  by 
the  inter-particle  junction  parameters.  Tunneling  spectroscopy  measurements  on  single  particles, 
as  enabled  by  STM,  may  yield  further  information  on  the  evolution  of  the  gap  in  single  NCs 
around  Tv,  as  will  be  discussed  below. 

External  magnetic  field  affects  the  electron  transport  in  the  arrays  by  aligning  the  magnetic 
moments  of  the  individual  superparamagnetic  NCs  along  the  conduction  paths.  As  the 
magnetizations  of  the  particles  become  aligned  with  the  external  field,  their  spin  polarized 
conduction  bands,  located  near  Ef,  align  respectively,  and  the  probability  for  electron  tunneling 
through  a  chain  of  particles  increases.  This  leads  to  a  negative  magnetoresistance  behavior,  as 
depicted  in  Fig.  1(b).  The  magnetic  field  influence  on  the  tunneling  spectra  was  found  to 
decrease  upon  heating  the  samples  to  room  temperature  [8].  This  effect  is  due  to  thermal 
agitation  that  disturbs  the  relative  magnetization  alignment  between  neighboring  particles, 
consequently  reducing  the  magnetoresistance.  Increasing  the  temperature  could  also  reduce  the 
degree  of  spin  polarization  within  individual  particles,  further  contributing  to  the  reduction  in  the 
magnetoresistance. 
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Figure  2.  Tunneling  spectra  taken  on  isolated  magnetite  NCs  above  (a)  and  below  (b)  the 
Verwey  transition  temperature.  The  two  curves  in  each  frame  were  taken  over  the  same  NC 
with  the  same  conditions,  showing  the  variance  in  the  data.  The  insets  present  STM 
images  of  the  corresponding  NCs  (image  sizes  are:  (a)  26x30  nm,  (b)  52x40  nm). 

Turning  now  to  the  STM  results,  we  present  in  Fig.  2  tunneling  spectra  measured  on  single 
magnetite  NCs,  about  8  nm  in  diameter.  The  curves  in  Fig.  2(a)  were  measured  at  140  K,  well 
above  Tv,  whereas  those  in  Fig.  2(b)  were  acquired  at  70  K.  Consistent  with  the  macroscopic 
tunnel  junction  measurements,  a  peak  in  the  DOS  is  observed  above  the  Verwey  transition  while 
a  gap  develops  below  the  transition.  The  reproducibility  of  the  data  can  be  appreciated  from  two 
typical  curves  plotted  for  each  particle:  the  main  features,  namely,  the  peak  and  gap  structures, 
are  reproducible,  but  the  background  may  fluctuate.  Due  to  drift  of  the  STM  tip  upon  changing 
the  temperature,  we  were  not  able  to  measure,  in  most  cases,  the  same  NC  well  above  and  well 
below  Tv.  The  measured  gap  value  in  Fig.  2(b)  is  about  250  meV,  which  is  significantly  larger 
than  previously  measured  on  bulk  samples  using  photoemission  (~  140  meV)  [3,4]  or  STM  (200 
meV)  [6].  This  apparent  gap  broadening  may  be  due  to  the  effect  of  voltage  division,  inherent  to 
the  double  barrier  tunnel  junction  configuration  [10,1 1].  We  have  observed  a  clear  gap  structure 
below  Tv  in  about  half  of  the  measured  nanoparticles  that  did  not  exhibit  single  electron  charging 
effects,  where  the  gap  values  varied  between  250  to  350  meV.  The  peak  width  was  typically 
400  meV,  somewhat  larger  than  the  value  obtained  using  the  macroscopic  tunnel  junction,  -  300 
meV  (see  Fig.  1 ). 

Figure  3  depicts  the  evolution  of  the  DOS  around  Ef  with  temperature.  Here,  the  tunneling 
spectra  were  acquired  on  a  small  cluster  of  (single  layer)  NCs,  nominally  at  the  position  marked 
by  the  white  arrow.  One  can  see  that  as  the  temperature  is  increased,  the  gap  reduces,  and  the 
DOS  at  the  Fermi  energy  gradually  increases.  The  two  spectra  at  105  K  may  have  been  obtained 
(due  to  drift  of  the  tip)  at  somewhat  different  positions,  resulting  in  a  different  tunneling  DOS. 

In  these  measurements  it  appears  that  a  clear  gap  still  exists  even  above  100  K  (the  transition 
temperature  measured  for  the  NC  arrays)  and  the  peak  structure  emerges  only  at  a  higher 
temperature,  in  contrast  to  the  more  abrupt  change  observed  for  the  arrays,  as  discussed  above. 
This  may  reflect  the  particle-to-particle  fluctuations  (e.g.,  in  composition  or  surface  condition), 
to  which  the  STM  is  sensitive,  as  opposed  to  the  macroscopic  tunnel  junction  where  the 
ensemble  properties  are  measured.  In  this  context  we  note  that  some  of  the  NCs  did  not  exhibit 
in  our  STM  spectra  any  transition  behavior  whatsoever.  Interestingly,  the  suppression  of  the  gap 
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Figure  3.  20x20  nm2  STM  image  showing  a  cluster  of  magnetite  NCs  (left)  together  with  a 
series  of  tunneling  spectra  taken  nominally  at  the  position  marked  by  the  arrow  at  various 
temperatures,  as  indicated  (right). 


in  the  Fe304  NCs  around  Tv,  as  observed  in  both  types  of  our  tunneling  experiments,  is  faster 
than  that  seen  for  bulk  samples  using  photoemission  and  optical  spectroscopies  [3,4,5].  As  the 
gap  in  the  DOS  above  Tv  was  attributed  to  the  short-range  charge  ordering,  it  is  expected  that  this 
gap  would  exist  also  in  the  nanocrystals,  and  it  is  therefore  puzzling  why  it  was  not  detected  in 
the  tunneling  spectra. 

CONCLUSIONS 

The  combination  of  macroscopic  tunnel  junctions  and  scanning  tunneling  spectroscopy  is 
demonstrated  to  be  an  effective  tool  for  studying  the  electronic  properties  of  Fei04  NC  in  the 
vicinity  of  the  Verwey  transition.  In  particular,  the  STM  measurements  clearly  show  that  the 
sharp  resistive  transition  observed  for  NC  arrays  is  associated  with,  and  probably  governed  by, 
an  opening  of  a  gap  in  the  electronic  DOS  around  Ef  in  single  NCs.  This  result  suggests  that 
long-range  order,  that  is  believed  to  dominate  the  electronic  properties  at  T<Tv,  is  significant 
even  in  nanometer  size  magnetite  particles.  More  detailed  size  dependent  experiments  are  still 
needed  to  resolve  the  finite  size  effects  on  the  transition  temperature  and  the  electronic  structure 
of  the  magnetite  system.  Understanding  these  issues  as  well  as  the  magnetoresistance  properties 
of  the  magnetite  NC  arrays  may  lead  to  its  exploitation  as  a  novel  material  for  spin  polarized 
nanodevices. 
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ABSTRACT 

The  induced  magnetic  moment  of  a  biased  semiconductor  tunnel-coupled  parallel  double 
quantum  wire  system  is  examined  here.  The  wires  are  in  a  series  arrangement  with  tunnel 
coupling  to  each  other  and  to  leads.  Their  parallel  lengths  and  associated  continuous  spectrum 
are  taken  in  the  direction  perpendicular  to  the  lead-to-lead  current.  The  equations  of  motion  for 
the  double- wire  electron  Green’s  function  are  formulated  and  analyzed  using  the  transfer¬ 
tunneling  Hamiltonian  formalism.  We  determine  the  average  magnetic  moment  of  the  double¬ 
wire  system  induced  by  a  magnetic  field  applied  perpendicular  to  the  plane  of  the  structure  and 
we  show  that  there  are  crossovers  between  diamagnetic  and  paramagnetic  behavior,  depending 
on  the  bias  voltage,  equilibrium  chemical  potential  of  the  leads  and  temperature. 

INTRODUCTION 

There  has  recently  been  intensified  interest  in  extended  tunnel-coupled  structures,  in 
particular,  parallel  quantum  wires  [1-3],  which  have  symmetric  and  antisymmetric  states 
analogous  to  those  of  quantum  dots  [4,5].  Such  double-quantum- wire  systems  have  been 
fabricated  by  split-gate  methods  [6]  or  by  cleaved  edge  overgrowth  [7]. 

The  double- wire  system  that  we  examine  in  regard  to  magnetic  moment  is  illustrated  in  Fig.l. 
It  consists  of  two  tunnel-coupled  parallel  quantum  wires  of  finite  length  L  with  wire  separation 
2d  placed  between  two  metallic  leads.  There  is  electron  confinement  in  two  dimensions  ( y  and  z) 
in  both  wires,  and  the  energy  spectrum  in  the  third  direction  (jc)  is  taken  to  be  continuous. 

Subject  to  the  bias  voltage,  electrons  tunnel  sequentially  from  the  left  lead  to  the  left  wire,  tunnel 
from  the  left  wire  to  the  right  wire,  and,  finally,  tunnel  from  the  right  wire  to  the  right  lead.  We 
assume  that  tunneling  from  wire  to  wire  is  much  faster  than  tunneling  from  the  leads  to  wires, 
because  the  potential  barriers  between  leads  and  wires  are  higher  than  the  barrier  between  the 
wires  themselves.  We  neglect  the  Coulomb  interaction  between  electrons.  A  magnetic  field  is 


Figure  I.  Schematic  of  the  double-wire  system. 
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taken  to  be  applied  perpendicular  to  the  plane  of  this  structure,  facilitating  the  analysis  of 
magnetic  properties  of  the  system.  With  the  use  of  the  nonequilibrium  Green’s  functions,  we 
analyze  the  magnetic  moment  of  the  double-wire  system. 

GREEN’S  FUNCTION  FORMULATION  FOR  DOUBLE-WIRE  SYSTEM 


The  electron  field  operators  in  the  left  and  right  wires  are  described  as 

'VL(r,t)=¥L{y)y/Q{z)y/L{xj\  (1) 

'VR(r,t)  =  \irR(y)y/0(z)y/R(x,t\  (2) 

where  y/o(y+d),  y/n(y)~  y/o(y-d),  y*o  is  the  ground  state  wave  function  for  the  y  and  z 

directions,  and  \ffL(x,t) ,  y/R  (x,f)  are  the  electron  field  annihilation  operators  for  states  of  the  x 
direction.  The  magnetic  field,  applied  along  the  z-axis  is  taken  in  the  gauge  A  =  (-By, 0,0) .  In 
this  description,  the  second  quantized  double- wire  Hamiltonian  can  be  written  in  terms  of  an  x- 
integral  alone,  using  a  ^function  confinement  in  the  y  direction  to  represent  the  narrow  spatial 
extent  of  |^0(y)|2  »  as 

Hdw  =\dx{y/l (x,  o — ZZMlL  Vl (*»  0  +  vl CM)  —  ^  (x, ,)) 

*  y  Lm  zm  J  (3) 

-  A  J dxiy/l (x, t)\frR (x,t)  +  ft*  ( x ,  t )ftL (x,l)) 

where  -A  is  the  tunneling  constant.  The  retarded,  advanced  and  lesser  Green’s  functions 
describing  x-propagation  of  the  electrons  in  the  double-wire  system  are  defined  as 

( x,  t;  x' ,  t' )  =  x,  t),  ft^x' ,  t' )(  )©(f  - 1' ),  (4) 

G°a0(x,f,x\t')  =  »(^(x',f').^(AT,0]f)e(f,-0,  (5) 

and 

G^(x,t;x',l')  =  i(ft*  (x',f ),  ftfi(x,t)),  (6) 

where  a,fi=LJl,  is  an  anticommutator,  and  0(t)  is  the  Heaviside  unit  step  function. 

The  coupling  of  the  double-wire  system  to  the  leads  is  described  by  the  Hamiltonian 

Hl-DW  =  +C*(x,t)fia(x,t)\  (7) 


C„(M)  =  {  dydzf  dyr'Vl{z)va(y)Va  (r  -  r’)ca(r’,t)  (8) 

with  a=LJl  for  left,  right  and  c+ ,  ca  are  the  creation,  annihilation  operators  of  electrons  in  the 

ar-lead  and  Va(r-r’)  is  the  lead-wire  coupling  strength. 

The  leads  are  taken  to  be  three-dimensional  with  Hamiltonian, 

Hu  =  ZK<(G0  Ea(p)ca(r,t),  (9) 

a 

having  continuous  spectrum  in  all  three  dimensions.  The  retarded  and  lesser  Green’s  functions 
for  the  electrons  in  the  leads  (incorporating  the  lead-double-wire  coupling  strength)  are  given  by 

^8a(E,pJ  =  ~ra(E,px)  (10) 
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and 


(ID 


gl(E,px)  =  ifa{E)Ta(E.px\ 
where  fdE)  is  the  Fermi  function, 

1 


/*(£)  = 


E  —  P 

expl  1  +  1 


(12) 


gt=^+i'U!2,  git=g-eU/2,  g is  the  equilibrium  chemical  potential  common  to  both  leads,  U  is  the 
applied  bias  voltage,  and  the  lead-double-wire  coupling  constants  HlE,  px)  are  defined  as 

ra(£)PJ  =  2^^^|^(pv)|2|,/0(pz)|2|Ka(p)|2<y(£-£a(p)).  (13) 

The  energy  origin  is  taken  as  the  ground  state  energy  of  the  wire  confinement  potential. 

The  average  magnetic  moment  induced  by  the  applied  magnetic  field  may  be  written  in  terms 
of  electron  Green’s  functions  of  the  double- wire  structure  as 


eBd 

c 


dB  me  J  27th J  Iflh v 
(g, •=,(£, p,)  +  G;R(£,pj)\ 


(14) 


MAGNETIC  MOMENT  OF  THE  QUANTUM  DOUBLE  WIRE  SYSTEM 

The  equations  of  motion  for  the  double-wire  electron  Green’s  functions  (Eqs.(4-6))  imply  that 
there  are  two  subbands  in  the  double- wire  region  associated  with  bonding  and  antibonding  states. 
The  bonding  subband  energy  is  given  by 

- y[K2  +Q)2cp2xd2, 


eb(Px)=]±+^ 
*  *  2m  2 


and  the  energy  in  the  antibonding  subband  is  given  by 


E B(p  )=.&-+ 

B  x  2m  2 


+<Ja2  +0)*  p*d2 , 


05) 


(16) 


where  G±=eB/mc  is  the  cyclotron  frequency.  We  use  these  solutions  in  the  determination  of  the 
average  magnetic  moment  of  the  double-wire  system.  In  the  wide-band  limit  [8]  of  a  symmetric 
structure,  in  which  the  coupling  constants  are  essentially  the  same  for  both  leads  and  are  energy- 
independent,  the  induced  magnetic  moment  in  the  double- wire  system  is  found  to  be 


2c  c  J  7iOk\ 


1+- 


llA  (P. ))+  A  (£Ta  >)]+  1  — ^  |[/^  (^a  ))+  (/.,, »] 


(11) 

It  is  evident  from  Eq.(17)  that  the  contribution  of  the  antibonding  subband  to  the  magnetic 
moment  (first  term  in  the  large  square  brackets)  is  always  diamagnetic,  while  the  contribution  of 
the  bonding  subband  (second  term)  is  diamagnetic  for  the  part  of  the  subband  involving  small 
momenta  \p2x  <  and  it  is  paramagnetic  otherwise.  This  conclusion  may  also  be  obtained 
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Figure  2.  Bias  dependence  of  the  magnetic  moment  for  two  magnetic  field  strength,  B=300  Gs 
(solid  line)  and  B=500  Gs  (dashed  line)  and  for  two  equilibrium  chemical  potential  of  the  leads, 
(a)  §=525 jueV  and  (b)  §=-\OOjueV;  fio  is  the  Bohr  magneton. 

by  taking  derivatives  of  the  subband  energies  (Eqs.(15,16))  with  respect  to  the  applied  magnetic 
field.  This  derivative  is  always  positive  for  the  antibonding  state,  but  it  involves  both  positive 
and  negative  terms  for  the  bonding  state. 

Figure  2(a,b)  illustrates  the  bias  dependence  of  the  average  magnetic  moment  for  two  magnetic 
field  strengths,  for  two  equilibrium  chemical  potentials  of  the  leads,  §=525 fie  V  and  §=-\QOfieV , 
and  for  the  following  parameters  associated  with  a  GaAs  structure  in  our  calculations:  A  =  75 
fieV\  hr  =  7.5  jueV;  T  =  3 K\  2d  —  60 nm\  L  =  10  fim  and  m  =  0.067/wo,  where  mo  is  the  free 
electron  mass.  The  magnetic  moment  is  normalized  to  the  Bohr  magneton,  jUb  =  hel2rruyc  = 

9.27- 10'21  ergfGs.  One  can  see  that  the  response  of  the  system  with  equilibrium  chemical 
potential  of  the  leads  §=525 jueV,  is  paramagnetic  in  equilibrium,  and  it  becomes  diamagnetic 
with  increasing  bias,  returning  to  paramagnetic  at  high  bias.  For  the  system  with  equilibrium 
chemical  potential  of  the  leads  £=-100 jmV,  the  equilibrium  response  is  diamagnetic  and  there  is 
only  one  crossover  to  paramagnetic  behavior  with  increasing  bias.  It  should  be  noted  that, 
although  the  absolute  values  of  the  induced  magnetic  moment  are  different  for  different  applied 
magnetic  field  strengths,  the  critical  voltages  for  crossover  between  diamagnetic  and 
paramagnetic  response  remain  the  same. 

To  achieve  a  better  understanding  of  the  magnetic  response  of  the  double-wire  system  and  its 
bias  dependence,  we  examined  the  dependence  of  the  induced  magnetic  moment  on  the 
equilibrium  chemical  potential  of  the  leads  without  bias,  with  the  result  shown  in  Figure  3(a); 
and  with  an  applied  bias,  U  =  5-1  O’4  V,  as  shown  in  Figure  3(b)  for  temperature  T  =  IK.  The 
distribution  functions  of  both  leads  are  the  same  at  zero  bias  and  so  are  their  contributions  to  the 
magnetic  moment  (Eq.(17)).  Only  the  bottom  of  the  bonding  subband  is  populated  for  low  values 
of  §  and  T  and  the  magnetic  response  is  diamagnetic.  The  subband  population  increases  with 
increasing  §  and,  initially,  the  diamagnetic  response  increases  when  there  are  only  electrons  with 
low  /vvalues.  As  electrons  with  larger  px- values  start  to  contribute,  they  compensate  the 
contribution  of  the  low-/?*  electrons  (the  first  inverted  peak  (negative)  in  Figure  3(a))  and  the 
response  even  becomes  paramagnetic  when  large-p*  electrons  dominate.  The  antibonding 
subband  is  reached  as  §  further  increases,  and  its  diamagnetic  contribution  leads  to  the  second 
(positive)  peak  in  Figure  3(a).  The  imposition  of  a  finite  bias  differentiates  the  contributions  of 
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Figure  3.  Induced  magnetic  moment  as  a  function  of  equilibrium  chemical  potential  of  the  leads 
for  (a)  zero  bias,  (b)  U  =  5*  10'4  V. 

the  left  and  right  leads,  shifting  the  functional  dependence  of  Figure  3(a)  in  opposite  directions 
by  ±672,  respectively.  Taken  together,  they  yield  the  induced  magnetic  moment  as  a  function  of 
the  equilibrium  chemical  potential  of  the  leads,  shown  in  Figure  3(b).  Increasing  the  bias  shift 
between  the  left  and  right  leads  (with  their  equilibrium  chemical  potential  fixed)  results  in  the 
induced  magnetic  moment  shown  as  a  function  of  bias  voltage  in  Figure  2.  In  regard  to  its 
specific  shape,  the  bias  dependence  of  the  induced  magnetic  moment  and,  in  particular,  its  sign  at 
zero  bias  and  critical  voltages,  are  determined  by  the  common  equilibrium  chemical  potential  of 
the  leads.  It  is  evident  from  Figure  3(a)  that  the  equilibrium  magnetic  response  is  paramagnetic 
for  £=525 jueV  (see  Figure  2(a)),  whereas  it  is  diamagnetic  for  £=-100 peV  (see  Figure  2(b)). 

Higher  temperatures  smooth  the  distribution  function  of  the  leads  and  the  peaks  become  less 
pronounced.  The  temperature  dependencies  of  the  induced  magnetic  moment  are  presented  in 
Figure  4  for  magnetic  field  strength  300Gs,  for  two  values  of  equilibrium  chemical  potential  of 
the  leads  and  for  two  applied  bias  voltages.  One  can  see  that  the  induced  magnetic  moment 
decreases  with  increasing  temperature  and  in  this  situation  the  effect  of  applied  voltage  also 
tends  to  vanish. 


Figure  4.  Temperature  dependence  of  the  induced  magnetic  moment  for  zero  bias  (solid  lines) 
and  U  =  510'4  V  (dashed  lines)  and  for  two  equilibrium  chemical  potential  of  the  leads, 

(a)  ^-100 jueV  and  (b)  £=525 fieV. 
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CONCLUSIONS 


Our  analysis  of  a  biased  tunnel-coupled  double-quantum-wire  system  (connected  to  leads  in  a 
series  arrangement,  with  a  magnetic  field  normal  to  the  plane  of  the  wires)  has  led  to  the 
determination  of  the  induced  magnetic  moment  as  a  function  of  bias  voltage,  equilibrium 
chemical  potential  of  the  leads,  and  temperature.  In  this,  we  demonstrated  that,  at  low 
temperatures,  there  are  crossovers  between  diamagnetic  and  paramagnetic  behavior  with 
increasing  bias  voltage.  These  properties  of  the  double-wire  structure  introduce  a  mechanism  for 
the  lead-to-lead  bias  control  of  the  induced  magnetic  moment  of  this  system. 
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ABSTRACT 

Ferromagnetic  single-electron  transistors  coupled  to  the  controlling  gate  potential  by  the  gate 
resistance  and  gate  capacitance  in  series  are  studied  quantitatively.  In  this  type  of  the  device, 
several  metastable  charge  states  are  possible  within  the  Coulomb  blockade  range.  The 
enhancement  and  hysteresis  of  tunnel  magnetoresistance  on  drain  and  gate  voltages  are  predicted. 
Inelastic  macroscopic  quantum  tunneling  of  charge  and  existence  of  several  charge  states  play  an 
important  role  for  the  unique  behavior  of  the  tunnel  magnetoresistance.  This  implies  that 
RC-coupled  ferromagnetic  single-electron  transistors  have  a  new  functionality  as  novel 
magnetoresistive  nanostructure  devices. 


INTRODUCTION 

Recent  progress  of  nanotechnology  to  magnetic  materials  and  magnetoresistive  devices  has 
attracted  much  attention.  In  ferromagnetic  single-electron  transistors  (FMSETs),  the  interplay  of 
the  single-electron  charging  and  spin -dependent  tunneling  effects  is  currently  an  attractive  topic. 
In  particular,  the  study  of  tunnel  magnetoresistance  (TMR)  in  FMSETs  is  a  rapidly  growing  field. 
The  proposal  of  single-electron  transistors  with  capacitively  and  resistively  coupled  gates  (C- 
and  R-SETs)  were  first  reported  by  Likharev  in  1987  [1].  Since  the  structure  of  C-SET  is  easily 
realized  experimentally,  this  has  been  studied  in  a  great  detail.  In  addition,  capacitively  coupled 
FMSETs  (C-FMSETs)  have  also  been  investigated  theoretically  [2,  3]  and  experimentally  [4-6]. 
In  R-SETs,  the  gate  resistance  should  be  much  larger  than  the  quantum  resistance  to  prevent 
quantum  fluctuations  of  the  island  charge.  Therefore,  in  contrast  to  C-SET,  the  R-SET  is  quite 
difficult  to  realize  experimentally  and  has  received  practically  no  attention  so  far.  However, 
theoretical  and  experimental  studies  on  the  R-SETs  were  presented  recently  [7,  8].  Moreover, 
electrical  characteristics  and  TMR  on  resistively  coupled  FMSETs  (R-FMSETs)  have  also  been 
reported  quantitatively  in  2002  [9],  but  the  R-FMSETs  have  not  been  studied  experimentally. 

In  this  paper,  we  propose  an  another  type  of  the  FMSET,  which  is  coupled  to  the  controlling 
gate  potential  Vg  by  the  gate  resistance  Rg  and  the  gate  capacitance  Cg  in  series  (RC -FMSETs). 
Since  the  current  through  the  Rg  may  change  the  effective  charge  of  the  central  electrode 
("island”)  of  the  double  junction  system  during  the  time  interval  between  the  tunneling  events, 
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several  metastable  charge  states  are  possible  within  the  Coulomb  blockade  regime.  Therefore, 
the  potential  of  the  island  electrode  and  the  drain  current  may  exhibit  hysteresis  as  a  function  of 
the  gate  potential.  Considering  the  macroscopic  quantum  tunneling  of  charge  (q-MQT)  [10,  11], 
we  study  here  transport  properties  of  the  electron  in  the  RC-FMSET  quantitatively. 


MODEL 


RC-coupled  ferromagnetic  single-electron  transistor  with  double  tunnel  junction  is  shown  in 
Fig.  1.  The  gate  electrode  consists  of  an  RC  circuit  and  connects  an  island  electrode  with  the 
controlling  gate  potential.  Source,  drain  and  island  electrodes  are  ferromagnetic  metals.  We 
assume  that  the  magnetization  in  the  electrodes  usually  shows  the  antiferromagnetic  alignment  in 
zero  magnetic  field  (antiparallel  configuration)  and  takes  the  ferromagnetic  alignment  with 
applying  the  magnetic  field  (parallel  configuration).  The  polarization  of  source,  drain  and  island 
electrodes  can  be  taken  into  account  by  the  difference  between  the  tunnel  resistances  Rp 
(parallel)  and  Rap  (antiparallel)  in  each  ferromagnetic  tunnel  junction.  In  other  words,  the  tunnel 
resistance  of  each  ferromagnetic  tunnel  junction  is  determined  by  the  spin-dependent  tunneling, 
which  is  Rp  for  the  ferromagnetic  alignment  and  Rap  for  the  antiferromagnetic  alignment,  and  is 
treated  as  the  junction  resistance. 

As  mentioned  above,  the  RC-FMSET  has  an  RgCg  coupling  circuit  between  the  island  and 
the  gate  potential.  Hence,  the  relaxation  time  of  the  coupling  circuit  affects  the  effective 
background  charge  of  the  double  junction  system  due  to  the  variation  of  the  charge  at  the 
coupling  capacitance  Cg.  As  a  result,  the  charge  state  of  the  spin  accumulation  in  the  island  may 
be  influenced  and  released  by  a  finite  current  going  through  the  coupling  circuit.  In  addition,  the 
spin-flip  relaxation  time,  which  is  crucial  for  the  observation  of  the  spin  accumulation,  strongly 
depends  on  the  material  quality  of  the  island  [12-15].  Therefore,  we  assume  that  the  spin  in  the 
island  is  equilibrated  [2,  3,  16, 17]. 

We  consider  the  ferromagnetic  tunnel  junction  system  with  the  TMR  =  20%  under  the 
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Figure  1.  Schematic  of  an  RC-coupled  ferromagnetic  single-electron  transistor. 
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sequential  tunneling  regime,  which  corresponds  to  the  spin  polarization  P  =  0.3.  So,  if  the  tunnel 
resistances  under  the  ferromagnetic  alignment  are  assumed  to  Rlp  =  100  kfl  and  R2P  =  5  x  Rlp  = 
500  kQ,  the  tunnel  resistances  under  the  antiparallel  configuration  are  given  by  Rlap  =  1.2  x  Rlp 
=  120  kCl  and  R2ap  =  1.2  x  R2P  =  600  kIL  Capacitance  of  each  ferromagnetic  tunnel  junction  is 
also  assumed  to  Cl  =  C2  -  1  aF.  The  gate  resistance  Rg  should  be  greater  than  the  quantum 
resistance  Rq  =  h/e2  and  is  set  to  10  Mil  (Rg  »  Rl(P,ap),  R2(p,  ap)).  The  gate  capacitance  Cg  is  also 
given  by  Cg/(C1+C2)  =  3.  These  parameters  lead  that  the  energy  scale  of  the  quantum 
fluctuations  of  the  RgCg  coupling  circuit  fi/(RgCt)  (where  Ct  =  Cg(Cl  +C2)/(C1  +  C2  +  Cg))  is 
less  than  e2/(Cl  -1-C2).  This  implies  that  for  the  typical  current  Id(P,aP)  ~  e/((Rl(P,ap)  +  R2(p,ap))(Cl 
+C2))  the  relaxation  time  of  die  RgCg  coupling  circuit  is  greater  than  the  typical  time  interval  of 
the  tunneling  events  e/Id(P,  ap>.  The  dynamics  of  the  RC-FMSET  can  be  calculated  within  the 
framework  of  the  semiclassical  model  [18].  In  the  calculation,  Monte  Carlo  procedure  is  used, 
and  the  rate  of  2nd  order  inelastic  q-MQT  (co-tunneling)  is  also  considered  in  addition  to  the  rate 
of  usual  single-electron  tunneling. 


RESULTS  AND  DISCUSSION 


Figure  2  shows  drain  currents  for  parallel  and  antiparallel  configurations  and  TMR  as  a 
function  of  the  drain  voltage  on  the  RC-FMSET.  In  this  result,  the  temperature  and  the  gate 
voltage  are  set  at  T  =  1  K  and  Vg  =  0  V,  respectively.  Due  to  the  large  difference  between  R 1  (a,  ap) 
and  R2(a,  ap>,  one  can  see  the  Coulomb  staircases.  Furthermore,  the  drain  currents  clearly  show  the 
hysteresis  as  a  function  of  the  drain  voltage.  Although  the  TMR  shows  20  %  when  the  Coulomb 
blockade  is  released  as  expected,  the  TMR  is  increased  up  to  44  %  under  the  Coulomb  blockade 
regime.  This  is  due  to  the  difference  in  the  rate  of  the  single-electron  tunneling  and  the  inelastic 
q-MQT.  Moreover,  hysteresis  of  the  TMR  is  also  observed,  which  is  due  to  the  hysteresis  on  the 
Coulomb  blockade.  This  is  a  unique  feature  of  the  RC-FMSET  in  contrast  to  the  usual  C-  and  R- 


Draln  voltage  Vu  (V) 

Figure  2.  Drain  currents  and  TMR  ratio  as  a  function  of  drain  voltage  on  an  RC-coupled 
ferromagnetic  single-electron  transistor. 
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FMSETs.  From  the  semiclassical  model  on  the  RC-FMSET,  the  charge  injection  from  the  RgCg 
coupling  circuit  to  the  island  electrode  is  determined  by  the  potential  VRC  =  Vg  -  VdCl/(Cl  +  C2). 
Therefore,  for  the  charge  state  with  definite  number  n  of  excess  electrons  in  the  island  electrode, 
charge  Q„  on  the  equilibrium  in  the  RgCg  coupling  circuit  is  expressed  as  Qn  =  (ne  +  Qo  + 
CgVRcXCl  +  C2)/(C1  +  C2  +  Cg),  where  Q0  is  the  background  charge  of  the  island  electrode. 
Since  the  condition  of  the  blockade  for  the  definite  charge  state  n  is  given  by  |Qn|  <  e/2,  the 
charge  Qn  shows  the  several  metastable  charge  states  satisfying  the  condition  |Qn|  <  e/2.  The 
charge  Qn  of  the  RC-FMSET  implies  that  the  addition  of  the  electron  to  the  island  electrode 
causes  the  increase  of  the  effective  charge  Qn  only  by  e(Cl  +  C2)/(C1  +  C2  +  Cg),  leading  that 
several  stable  states  are  possible  within  the  blockade.  This  is  the  origin  of  the  hysteresis  on  the 
drain  currents  and  the  TMR.  In  this  system,  the  stability  threshold  voltage  for  a  certain  charge 
state  n  is  given  by  Vth(n)  =  min{(e/2  -  Qn)Cl,  (e/2  +  Qn)C2)  (Vth(n)  >  0)  and  can  be  varied  by 
changing  the  gate  potential.  The  maximum  value  becomes  to  Vth,  =  e/(Cl  +  C2)  from  the 
condition  (e/2  -  Qn)Cl  =  (e/2  +  Qn)C2.  Its  minimum  value  corresponds  to  the  condition  Vth(n)  = 
Vth(n+1)  which  gives  V^mm  =  eCg/((Cl  +  C2)(C1  +  C2  +  Cg)).  Hence,  in  RC-FMSET  one  can’t 
suppress  the  threshold  voltage  to  zero  by  varying  the  gate  potential. 

Figure  3  (a)  shows  the  modulation  characteristics  of  the  drain  current  in  a  parallel 
configuration  with  different  gate  voltages.  The  gate  voltages  are  varied  from  0  mV  (bottom)  to 
30  mV  (top).  Each  curve  is  shifted  vertically  by  50  nA  for  clarity.  One  can  see  the  periodic 
modulation  of  Coulomb  blockade  region  by  the  variation  of  the  gate  voltage.  Furthermore, 
hysteresis  window  of  the  drain  current  is  also  modified  by  the  variation  of  the  gate  voltage.  The 
relation  between  the  TMR  and  the  drain  voltage  at  each  gate  voltage  is  illustrated  in  Fig.  3  (b). 
The  TMR  is  clearly  enhanced  and  defined  to  44  %  inside  the  Coulomb  blockade.  The  modulation 
of  the  hysteresis  window  is  clearly  observed  by  varying  the  gate  voltage. 

Drain  currents  for  parallel  and  antiparallel  configurations  and  TMR  as  a  function  of  the  gate 
voltage  are  shown  in  Fig.  4.  The  temperature  and  the  drain  voltage  are  set  at  T  =  1  K  and  Vd  =  50 
mV,  respectively.  The  charge  state  of  the  device  moves  to  the  neighboring  stable  state  when  the 
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Figure  3.  (a)  Drain  current  and  (b)  TMR  ratio  as  a  function  of  drain  voltage  on  an  RC-coupled 
ferromagnetic  single-electron  transistor. 
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Figure  4.  Drain  currents  and  TMR  ratio  as  a  function  of  gate  voltage  on  an  RC -coupled 
ferromagnetic  single-electron  transistor. 

gate  voltage  is  increased.  Thus  the  drain  currents  for  a  fixed  drain  voltage  show  a  periodic 
function  of  the  gate  voltage  with  the  period  of  e/Cg,  which  is  similar  to  that  of  the  C-FMSET. 
Then,  as  the  gate  voltage  is  decreased,  the  drain  currents  hardly  show  current  flow,  which  is  due 
to  that  the  device  is  in  the  Coulomb  blockade  state.  The  behavior  of  the  drain  currents  depending 
on  the  sweep  direction  of  the  gate  voltage  causes  the  hysteresis  of  the  TMR  as  illustrated  in  Fig. 
4.  The  TMR  is  increased  up  to  44  %  within  the  Coulomb  blockade  range  and  is  modulated 
between  20  %  and  44  %  depending  on  the  behavior  of  the  drain  currents. 

Figure  5  (a)  shows  the  drain  currents  for  parallel  and  antiparallel  configurations  at  T  =  1  K 
and  Vd  =  50,  70  and  90  mV  as  a  function  of  the  gate  voltage.  The  curves  are  shifted  vertically  by 
30  nA  for  clarity.  As  expected,  the  drain  currents  at  the  fixed  gate  voltage  increase  with 
increasing  the  drain  voltage.  Since  the  maximum  threshold  voltage  of  the  Coulomb  blockade 
becomes  to  Vth,  max  =  e/(Cl  +  C2)  =  80  mV  in  this  device,  the  hysteresis  of  the  drain  currents 
becomes  clear  when  the  drain  voltage  is  greater  than  the  Vth,  max.  The  potential  of  the  island 
electrode  Visiand  is  defined  as  V^d  =  (Qn  +  VdCl)/(Cl  +  C2),  therefore  the  Visiand  exhibits 
hysteresis  due  to  the  several  charge  states  by  the  variation  of  the  gate  voltage,  resulting  in  the 
hysteresis  of  the  drain  current  on  the  gate  voltage.  The  relation  between  the  TMR  and  the  gate 
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Figure  5.  (a)  Drain  current  and  (b)  TMR  ratio  as  a  function  of  gate  voltage  in  different  drain 
voltages. 
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voltage  is  shown  in  Fig.  5  (b).  The  curves  are  shifted  vertically  by  50  %  for  clarity.  The  TMR  is 
20  %  at  V,)  =  90  mV,  in  which  the  bias  condition  is  away  from  the  blockade.  In  contrast,  the 
TMR  is  successfully  modulated  within  the  blockade  conditions  (Vd  =  50  and  70  mV),  depending 
on  the  behavior  of  the  drain  currents.  It  should  be  noted  that  by  using  RC-FMSET,  the 
enhancement  and  hysteresis  of  the  TMR  could  be  controlled  by  the  drain  and  gate  voltages. 


CONCLUSIONS 

In  conclusion,  we  have  proposed  and  studied  ferromagnetic  single-electron  transistors 
controlled  with  RC  gate.  The  inelastic  q-MQT  process  under  the  Coulomb  blockade  regime  leads 
to  a  considerable  enhancement  of  TMR.  Several  metastable  charge  states  within  the  Coulomb 
blockade  range  cause  a  clear  hysteresis  of  TMR.  These  features  have  a  specific  dependence  on 
the  gate  and  drain  voltages.  This  result  implies  a  new  functionality  of  the  RC-FMSET. 
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ABSTRACT 

Metal/organic  self-assembled  monolayer/metal  junctions  were  investigated  for  junction 
areas  10"2  to  102  urn2.  Several  types  and  thickness  of  monolayers  are  investigated,  and  magnetic 
electrodes  were  made.  Electroless  deposition  was  used  to  make  the  top  metal  without  disrupting 
the  organic  film.  This  deposition  is  activated  with  Pd  clusters  obtained  by  evaporation  or  by 
chemical  reduction  of  a  Pd-based  catalyst.  This  method  allows  us  to  obtain  a  high  yield  of 
junctions  that  are  not  electrically  shorted  and  are  mechanically  and  electrically  stable  over  a  wide 
temperature  range.  Low-temperatures  investigations  reveal  strong  non-linearity  in  the  IV  curves 
and  an  increase  of  resistance  with  decreasing  temperature.  Zero  bias  anomalies  observed  at  low 
temperatures  are  attributed  to  a  Coulomb  blockade  associated  with  the  Pd  clusters. 


INTRODUCTION 

Metal-Insulator-Metal  (MIM)  tunnel  junctions  are  of  great  interest  for  applications  as 
magnetic  sensors  and  memory  devices.  If  both  metals  are  ferromagnetic,  the  tunnel  resistance  of 
the  system  depends  on  the  relative  magnetic  orientations  of  the  two  magnetic  layers  [1],  The 
magnitude  of  this  effect  (typically  reaching  40%)  depends  on  the  properties  of  the  insulator.  The 
main  desirable  properties  are  the  possibility  to  make  very  thin  barriers  (smaller  than  l  nm),  with 
atomically  sharp  interfaces.  To  date,  the  vast  majority  of  tunnel  magnetic  junctions  have  been 
constructed  using  AI2O3  barriers.  We  intend  to  examine  the  possibility  to  use  organic  films  as  an 
alternative  to  AI2O3  in  MIM  structures. 

It  is  well-documented  that  a  variety  organic  thiols  can  be  used  to  construct  self  assembled 
monolayers  (SAM)  on  metallic  surfaces  [2],  However,  significant  synthetic  difficulties  are 
encountered  when  trying  to  deposit  a  top  metallic  electrode  without  disrupting  the  organic 
substructure.  Evaporated  and  sputtered  metal  layers  are  often  not  stable  on  organic  thiol 
monolayers  [3].  High  diffusibility  of  thiols  [4],  as  well  as  low  structural  stability  of 
evaporated/sputtered  films,  usually  destroys  the  MIM  structure. 

We  have  successfully  used  electroless  deposition  (ELD)  to  plate  ferromagnetic  metal  films 
on  top  of  self-assembled  organic  tunnel  barriers.  Such  metal  films  can  show  better  structural 
stability  than  their  evaporated  or  sputtered  counterparts  [5].  Mechanical  and  thermal  damage  to 
the  organic  layers  is  avoided.  We  can  also  tailor  the  distal  end  of  alkanethiols  with  functional 
groups  capable  of  activating  ELD  growth.  This  method  is  known  as  selective  ELD  [6]. 


169 


We  report  here  the  preparation  and  characterization  of  two  types  of  MIM  junctions 
(Figure.  1  ).  The  first,  which  was  pattern  using  lithographic  techniques,  has  a  planar  cross 
geometry  with  junction  areas  ranging  from  10  to  100  pm2.  The  second  type  of  junction  was 
prepared  by  electrodeposition  in  a  template  to  produce  columnar  MIM  structures  with  30  to  400 
nm  diameters.  These  geometries  enable  us  to  investigate  junctions  with  areas  spanning  several 
orders  of  magnitude.  The  junctions  with  smallest  cross-sectional  area  are  particularly  attractive 
for  minimizing  the  probability  of  pinholes. 


Figure  1.  Schematics  of  the  samples  geometries  for  the  planner  junction  (left)  and  nanowires 
(right).  Thiol  layer  was  deposited  on  bottom  metal  electrode  (BM)  from  solution.  Top  metal 
electrode  (TP)  was  obtained  by  electroless  deposition.  Photoresist  mask  (PR)  was  used  in  planar 
junction  to  limit  the  area. 


SAMPLE  PREPARATION 
Planar  MIM  junction 

Optical  lithography  was  used  to  pattern  lines  down  to  a  2  pm  width  on  silicon  wafers 
coated  with  Si0(300nm)/Ti(10nm)/Au(100nm).  Ni  and  Co  top  layers  were  then  obtained  by 
thermal  deposition.  An  opening  of  a  few  pm  was  patterned  using  a  second  layer  of  photoresist. 
Depositions  of  alkanethiols  were  made  in  a  Braun  Labmaster  130  inert  atmosphere  box.  The 
coating  solutions  were  comprised  of  ca.  0.1  M  alkanethiol  (ethanethiol,  pentanethiol,  hexanethiol 
or  dodecanethiol)  dissolved  in  ethyl  alcohol.  All  alkanethiols  (Aldrich)  were  used  as  purchased. 
Ni  and  Co  bottom  metal  layers  were  electrochemically  cleaned  to  remove  native  oxides  prior  to 
SAM  deposition.  Some  of  the  samples  where  subsequently  heat-treated  at  60-100  C  for  1-24 
hours.  Top  layers  of  Cu  and  Ni  were  made  by  ELD  method.  The  ELD  plating  process  was 
catalyzed  by  a  Pd  seed  layer  of  3  -  5  A  thickness.  The  seed  layer  was  obtained  by  slow 
evaporation  in  a  vacuum  chamber.  Cu  films  were  made  using  a  bath  composition  found  in  the 
literature  [7].  Ni  films  were  made  using  an  electroless  hypophosphate  bath  [5]. 
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Nano  wires  in  nonoporous  mambranes. 


We  used  polycarbonate  nanoporous  membranes  (Watman  corp.)  with  a  thickness  of  10  pm 
and  nominal  cylindrical  pore  diameters  of  30,  100  and  400  nm.  One  side  of  the  membrane  was 
sputtered  with  gold,  which  served  as  working  electrode.  Growth  of  cylindrical  wires  of 
diameters  slightly  larger  than  the  nominal  pore  diameter  value  was  reported  in  the  literature  for  a 
variety  of  materials  [8],  Bottom  Ni  half-wires  were  plated  from  a  classic  Watt’s  bath  by  adjusting 
the  deposition  time  to  grow  the  wire  approximately  half  way  through  the  membrane.  The 
membranes  were  then  dried  and  transferred  to  an  inert  atmosphere  box  where  they  were 
electrochemically  cleaned.  A  SAM  was  prepared  from  2-mercaptoethylamine  or  4- 
aminothiophenol.  Both  molecules  have  -NH2  tail  groups  that  are  used  to  generate  the  Pd 
catalyst.  (Synthetic  details  for  the  Pd  catalyst  can  be  found  in  [9]).  Samples  were  exposed  for  1 
hour  to  the  Pd  catalyst  solution,  which  was  made  by  dissolving  10  mg  Na2PdCl4  and  1.75  g  of 
NaCl  in  50  ml  of  H20,  and  then  adjusting  the  solution  to  pH=l  with  37%  HC1.  Ni  top 
electrodes  were  obtained  by  ELD  deposition  using  the  method  described  above  for  planar 
junctions.  The  deposition  process  was  terminated  when  metal  islands  were  visually  detected  on 
the  membrane  surface. 

RESULTS  AND  DISCUSSION 

Samples  were  investigated  in  a  temperature  range  of  1.5  K  -  300  K  and  under  applied 
magnetic  fields  up  to  10  T.  Four  point  connections  were  made  to  perform  AC  and  DC  electrical 
measurements.  Weak  adhesion  between  the  SAM  and  the  top  electrode  was  generally  found  on 
planar  samples,  indicating  a  lack  of  chemical  bonding  to  the  top  electrode.  The  resistance  values 
of  the  junctions  varied  over  several  orders  of  magnitude  without  any  direct  correlation  with 
junction  area  or  molecular  length.  We  found  a  lower  probability  of  electrical  shorts  for  heat- 
treated  SAMs,  which  indicates  that  this  process  leads  to  a  highly  ordered  and  more  densely 
packed  tunnel  barriers.  This  conclusion  in  consistent  with  that  found  in  a  recent  report 
concerning  electrochemical  characterization  of  SAMs  [10]. 

Junctions  with  resistances  ranging  from  tens  of  kOhm  to  several  MOhm  were  investigated. 
Most  samples  showed  good  temperature  stability,  and  were  capable  of  sustaining  several 
temperature  sweeps  between  room  temperature  and  a  few  Kelvin.  We  observed  a  slow  variation 
of  the  resistance  as  a  function  of  temperature  between  300  K  and  20  -  50  K.  A  much  larger 
increase  was  observed  upon  lowering  the  temperature  below  20  K.  Such  behavior  is  related  to  a 
large  bias  dependence  of  the  differential  resistance,  spanning  several  orders  of  magnitude  (Figure 
2).  These  observations  can  be  attributed  to  a  Coulomb  blockade  caused  by  the  Pd  particles 
incorporated  in  the  organic  layers.  If  a  particle  is  separated  by  a  total  capacitance  C  from  the 
electrodes,  the  charging  energy  necessary  to  add  one  electron  on  the  particle  (i.e.,  e2/2C)  hinders 
the  electron  flow  if  the  charging  energy  is  significantly  larger  than  the  thermal  energy  [11].  From 
the  temperature  dependence  of  the  resistance,  a  charging  energy  of  several  meV  can  be  deduced, 
corresponding  to  the  bias  values  at  which  the  resistance  of  the  sample  diminishes  significantly. 

Some  samples  demonstrated  complicated  dependence  of  the  resistance  on  bias. 
Asymmetrical  shoulders  and  hysteresis  on  these  shoulders  (Fig.  3a)  were  observed.  Since  the 
width  of  R(Bias)  curve  is  proportional  to  1/C,  where  C  is  capacitance  of  particle,  the  appearance 
of  shoulders  can  be  explained  by  a  significant  parallel  current  channel  through  smaller  particles. 
In  this  case  hysteresis  may  reflect  metastability  of  particle  positions.  Switching  instabilities 
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(Figure  3b)  and  long  term  relaxation  after  applying  a  magnetic  field  (not  shown)  were  observed 
for  these  samples  as  well.  Again,  instabilities  were  attributed  to  mechanical  variability  of  Pd 
clusters  trapped  inside  the  organic  film.  The  nanowire  junctions  showed  properties  similar  to 
those  of  larger  areas,  which  confirms  the  assertion  that  the  electrons  flow  though  a  limited  area. 


fcfew,  mV 


Figure  2.  Zero  bias  differential  resistance  as  a  function  of  temperature  (bottom  scale)  and  as  a 
function  of  voltage  bias  at  1.6  K  (upper  scale)  for  Ni-ethanethiol-Ni  planar  junction. 


Figure  3.  (a): Differential  resistance  of  Au-dodecanothiol-Ni  tunnel  junction  at  1.6  K  as  a 
function  of  applied  bias.  The  hystereis  in  the  IV  curves  disappears  after  several  voltage  weeps, 
stabilizing  the  lower  curve.  (b)Magnetic  field  dependence  for  two  voltage  bias. 
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CONCLUSION 


A  variety  of  MIM  structures  were  investigated,  with  area  values  varied  from  10~2  pm2  to 
more  than  102  pm2.  We  observe  a  systematic  blocking  of  the  current  at  small  bias,  which  we 
interpret  in  terms  of  a  Coulomb  blockade  associated  with  Pd  clusters.  Synthetic  routes  that  do  not 
rely  on  a  Pd  seed  layer  need  to  be  found  to  avoid  blockade  effects.  Alternatively,  the  use  of 
lighter  elements  for  seed  clusters,  or  the  use  of  magnetic  seeds,  will  provide  interesting  systems 
for  which  the  effect  of  Coulomb  blockade  on  spin-dependent  transport  properties  in  tunnel 
junctions  may  be  studied.  Theoretical  predictions  [12,13] ,  as  well  as  preliminary  experiments 
[14],  indicate  that  magnetoresistance  can  be  enhanced  in  the  Coulomb  blockade  regime. 

The  partial  support  of  this  work  by  ONR  is  gratefully  acknowledged. 
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ABSTRACT 

Recently  developed  and  future  magnetic  head  technologies  are  reviewed.  Scaling  of 
dimensions  brought  about  significant  increases  in  recording  densities  in  the  last  decade.  On  the 
recording  head  aspect,  as  the  read  head  is  narrowed,  large  improvements  in  sensitivity  are 
required.  Therefore,  spin-valve  read  heads  have  been  improved  by  introducing  synthetic 
ferromagnetic  pinned  layers,  a  spin  filter  back  layer  and  a  specular  scattering  layer.  The  current 
perpendicular  to  plane  (CPP)  structure  is  now  being  adopted  instead  of  the  current  in  plane  (CIP) 
structure  which  is  the  present  magnetic  head  structure.  Under  heads  with  a  CPP  structure, 
tunneling  magnetoresistance  (TMR)  devices  and  multilayer  GMR  are  candidates.  In  CPP  mode, 
we  can  make  better  use  of  “spintronics”  or  spin-dependent  conduction  phenomena  because 
device  character  depends  more  directly  on  the  spin-dependent  electronic  states  of  the  materials. 
Future  technologies  of  read  head  are  also  discussed. 

INTRODUCTION 

Information  and  communication  systems  increasingly  handle  huge  amounts  of  data,  placing 
heavy  demands  on  hard  disk  storage  capacity  and  performance.  Figure  1  shows  the 
development  of  areal  recording  densities  for  mobile  disk  drive  products  with  magnetoresistive 
(MR)  heads  and  giant  magnetoresistive  (GMR)  spin-valve  heads.  High  annual  growth  rates  of 
80%  or  more  have  been  achieved  in  areal  recording  density  during  this  period.  Areal  recording 
density  is  approaching  70  Gbit/in2  this  year.  Figure  1  also  shows  demonstrations  made  over 
several  years  at  international  magnetic  conferences,  including  Intermag,  MMM,  and  TMRC. 
These  densities  were  achieved  by  combining  advanced  head  technology  with  low-noise  disk 
media  [1-5].  The  progress  in  developing  spin-valve  materials  and  high-sensitivity  spin-valve 
read  heads  could  enable  us  to  achieve  a  continued  increase  in  areal  recording  density  in  hard  disk 
drives.  In  this  paper  recent  developed  GMR  read  head  technologies  are  reviewed  and 
promising  future  technologies  of  current-perpendicular-to-plane  (CPP)  are  also  mentioned. 


GMR  READ  HEAD 

Figure  2  summarizes  the  evolution  of  the  spin-valve  structure  we  have  developed.  The 
spin-valve  films  are  classified  as  follows: 

a)  Bottom  type  spin-valve 

b)  Bottom  type  synthetic  ferrimagnetic  spin-valve  with  back  layer 

c)  Bottom  type  double  specular  spin-valve 

The  bottom  type  spin- valve  film  (Figure  2  (a))  has  a  simple  structure  consisting  of  four  layers:  a 
free  layer,  a  Cu  spacer  layer,  a  pinned  layer,  and  an  antiferromagnet  pinning  layer.  The  resistance 
versus  field  R-H  curve  of  the  bottom  type  spin-valve  in  the  early  development  stage  is  shown  in 
Fig.  3(a).  The  film  structure  is  Sub./Ta(5  nm)/NiFe(5)/  PdPtMn(25)/CoFe(3.5)/Cu(3.5)/ 
CoFe(5.5)/  NiFe(2.5).  The  MR  ratio  is  ~  6.0%  [4].  For  the  bottom  type  synthetic 
ferromagnetic  spin-valve,  two  magnetic  layers  antiferromagnetically  couple  to  each  other 
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Figure  1.  Trend  of  the  recording  density  of  hard  disk  drive  (HDD).  Circles 
indicate  the  evolution  of  mobile  HDD  products.  Triangles  indicate  recording 
densities  of  demonstration  reported  at  the  major  conferences. 

through  a  very  thin  Ruthenium  layer.  This  is  an  artificial  antiferromagnetic  state;  this  structure 
is  called  synthetic  antiferromagnet  (SAF)  [6].  In  this  structure,  the  static  magnetic  field 
experienced  by  the  free  layer  arising  from  the  pinned  layer  is  reduced  and  useful  in  keeping  the 
proper  magnetic  bias  point,  especially  when  the  sensor  stripe  height  is  reduced  down  to  half  a 
micron.  Moreover,  the  magnetic  moments  stabilize  each  other,  such  that  the  effective  exchange 
bias  field  from  the  antiferromagnet  is  enhanced  and  the  pinning  layer  can  be  made  thinner  than  in 
a  conventional  spin-valve. 


(a)  (b)  (c) 

Fig.  2  Evolution  of  spin  valve  films,  (a)bottom  type  spin  valve,  (b) 
synthetic  ferrimagnetic  spin  valve  with  Cu  back  layer,  (c)  synthetic 
ferrimagnetic  spin  valve  with  double  specular  layers. 
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Fig.  2(c)  shows  a  synthetic  ferromagnetic 
double  specular  spin  valve  with  an  MR 
ratio  of  15%  MR  as  shown  in  Fig.  3(b). 
The  film  structure  is  Buffer  (7  nm)/ 
PdPtMn(  1 0)/CoFeB(l  .6)/Ru(0.75)/CoFeB 
(1 ,25)/Oxide/CoFeB(l  .5)/Cu(2.3)/CoFeB( 
2)/Fe203(2)/A120(32).  The  pinning  layer 
is  10  nm  thick  and  the  magnetic  state  was 
stable  with  a  very  small  hysteresis.  This 
thin  pinning  layer  was  enabled  by  the 
synthetic  ferrimagnetic  structure  and  the 
film  growth  condition  (background 
pressure  <  2x10 7  Pa)  [7].  The  MR  ratio 
of  the  double  specular  spin-valve  is  two 
times  larger  than  that  of  a  simple  bottom 
type  spin-valve.  A  larger  signal  output 
can  therefore  be  expected. 


(a)  Bottom-type  spin  valve 


>00  0  500  1000  150( 

H  (Oe) 

!  (b)  Double  specular  spin  valve 


CPP  READ  HEAD  V 

Ultra-high  density  recording  over  100  \ 

Gbit/in2  requires  a  much  higher  sensitivity  12  "  Vi 

and  a  narrower  read-core- width  read  head,  g- 
To  satisfy  these  requirements,  the  CPP  ^  \ 

heads  have  been  extensively  investigated  g  8  \ 

and  developed  as  CPP  heads  have  several  JjJ  \ 

advantages  compared  to  current  in  plane  JS 
(C1P)  heads,  which  are  currently  being  4 
used  for  recent  hard  disk  drives  (HDDs). 

Table  I  shows  a  comparison  between  CIP  j 

and  CPP  structure  heads.  If  we  assume  1  - J  ..  ,  . 

the  current  density  is  limited  at  a  constant  -500  0  500  1000  1500  2000 

value,  the  output  voltage  of  the  CIP  heads  H  (Oe) 

is  proportional  to  the  core  width  and  Fig  s  r-h  curves  of  the  conventional  bottom 

higher  sensitivity  sensor  materials  are  type  spin  valve  (a),  and  double  specular  spin 

required  as  the  core  width  becomes  (b) 

narrower.  On  the  other  hand,  expected 

output  voltage  is  constant  for  a  CPP  head. 

If  the  power  consumption  of  the  sense  current  is  limited  to  avoid  a  temperature  rise,  the  output 
voltage  of  the  CPP  head  is  roughly  inversely  proportional  to  the  square  root  of  the  sensor  area. 
For  the  CPP  head  structure,  only  the  sensor  film  is  in  the  read  gap  and  is  suitable  for  higher 
linear  density  recording.  Higher  heat  conduction,  which  is  important  for  stable  head  operation, 
can  be  expected  for  the  CPP  structure  than  for  the  CIP  structure.  The  CPP  structure  therefore 
shows  several  advantages  as  the  sensor  size  is  reduced.  However,  the  device  resistance 
increases  as  the  sensor  area  decreases  and  this  resistance  increase  is  the  main  problem  in  ultra 
high  density  CPP  head. 
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Figure  4  shows  the  target  properties  for  a  0.01  pm2  CPP  element  for  1 50  Gbit/in2  read  head 
application  [8].  The  area  is  estimated  by  considering  the  power  consumption,  electron  migration 
of  the  element,  and  data  transfer  rate.  A  tunneling  magnetoresistance  (TMR)  head  is  one  of  the 
candidates  for  realizing  high  sensitivity.  However,  TMR  heads  have  large  resistances,  which 
lead  to  ESD  (electrostatic  discharge)  problems,  limit  the  operating  frequency,  and  make  the 
Johnson  and  Shot  noise  high.  It  is  very  difficult  to  make  low-resistance  barrier-layers  and 
significant  progresses  in  fabrication  technology  are  needed.  Another  candidate  for  ultra-high 
densities  is  a  CPP  head  using  GMR  films. 

Several  researchers  have  studied  GMR  properties  in  the  CPP  mode,  and  they  have 
demonstrated  magnetoresistance  changes  at  room  temperature  twice  as  large  as  those  in  the  CIP 
mode  in  calculation  [9]  and  experiment  [10].  CPP  heads  using  GMR  multilayers  have  also 
been  investigated  [11].  Although  multilayer  CPP  heads  are  expected  to  obtain  large  output 
signals,  they  show  problems  such  as  hysteresis  generation  and  difficult  magnetic  domain  control 
of  the  read  element.  This  is  aggravated  by  the  requirement  for  thinner  read  gaps.  In  contrast, 
a  CPP  element  using  a  spin-valve  (SV)  film  can  be  rid  of  such  problems  of  GMR  multilayers.  We 
have  studied  the  GMR  properties  of  S  V  film  in  CPP  mode  and  tried  to  improve  their 
magnetoresistance  change. 

The  MR  ratio  of  conventional  spin  valve  films  in  CPP  mode  is  about  0.5  %  as  shown  in  Fig. 
4.  The  MR  ratio  must  be  increased  to  8%,  if  the  product  of  sensor  resistance  and  its  area,  RA ,  is 
to  be  kept  constant.  But  this  is  difficult  to  realize  by  increasing  ARA  only,  the  product  of  sensor 
resistance  change  and  its  area.  However,  at  the  largest  allowed  RA ,  an  MR  ratio  of  only  3%  is 
needed.  This  is  an  easier  path  to  reach  the  target  area  as  RA  is  also  increased.  However,  for 
the  corresponding  sensor  size  at  a  150Gbit/in2  design,  calculations  show  that  the  amplitude  of  the 
output  voltage  is  still  insufficient  as  shown  in  Fig.  4.  In  this  study,  we  tried  to  improve  the 
magnetoresistive  properties  of  CPP-SV  heads  for  150  Gbit/in2  recording. 

Table  I.  CIP  vs.  CPP  heads 


CIP  head 

CPP  head 

Output  signal 
current  density  limit 
power  consumption  limit 

Proportional  to  core  width 
Constant 

Constant 

Inversely  proportional  to  square  root 
of  sensor  area 

Read  gap 

Sensor  and  two  gap  layer 
thicknesses 

Sensor  thickness 

Heat  radiation 

Mainly  through  terminals 
at  both  ends  of  the  sensor 

Direct  heat  connection  to  top 
and  bottom  terminals 

Device  resistance 

Constant 

Increase  as  sensor  area  decreases 
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Resistance  x  area,  RA 

Fig.  4  Target  region  of  150Gbit/in2  read  head  is  shown  as  a  function  of  RA  and  ARA. 
The  required  ARA  is  determined  with  the  condition  that  the  output  signal  >1  mV. 
The  head  efficiency  is  assumed  to  be  13.5%.  Limitations  due  to  data  transfer,  power 
consumption,  and  migration  are  also  considered  [8]. 


GMR  PROPERTIES  IN  CPP  MODE  OF  SPIN-VALVE  FILMS 

CPP  properties  were  measured  using  a  four-terminal  technique.  The  spin-valves  were 
sputter-deposited  in  an  ultrahigh 
vacuum  chamber  and  patterned  by  a 
photolithography  and  ion-milling 
processes.  The  element  size  was  varied 
from  0. 1  pm2  to  1.0  pm2.  Details  of 
the  fabrication  process  are  published 
elsewhere  [12].  The  film  structure  of 
the  single  spin-valve  was  buffer/ 

PdPtMn  (13  nm)  /  CoFeB(l  .5, 

3)/Cu(4)/  CoFeB(1.5,  3)/  capping  layer, 
and  the  dual  spin  valve  films  was 
buffer/PdPtMn(  15)/  CoFeB(1.5,  3)1 
Cu(4)/  CoFeB(3,6)/  Cu(4)/  CoFeB(1.5, 

3)/  PdPtMn(15)/  capping  layer.  Both 
resistance  (R)  and  resistance  change 
(AR)  are  inversely  proportional  to  the 
GMR  size  (A)  of  the  CPP  elements.  As 
an  example,  for  the  single  spin- valve 
with  thinner  magnetic  layers,  the  RA  was 
81  mQpm2  and  the  ARA  was  0.35 
mQpm2;  the  MR  ratio  of  the  element 
was  0.43%.  The  RA  and  ARA  are  plotted 


Magnetic  layer  thickness  (nm) 

Fig.  5  The  RA  and  ARA  of  single  and  dual  spin 
valve  films  in  CPP  mode.  The  RA  is  almost  constant 
for  magnetic  layer  thickness.  The  behavior  of  the  ARA 
was  well  described  by  the  two-current  series -resistor 
model  [13]. 
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for  single  and  dual  spin-valves  in  Fig.  5.  The  magnetic  layer  thickness  is  the  total  thickness  of  the 
ree  and  reference  layers.  ARA  increases  as  the  magnetic  layer  thickness  is  increased.  The 
dual  spin  valve  shows  a  larger  ARA  than  a  single  spin-valve  due  to  the  increase  of  magnetic/ 
nonmagnetic  interfaces.  These  can  be  explained  by  increments  in  the  spin-dependent  bulk  and 
interface  scattering,  respectively.  Each  layer  thickness  is  smaller  than  the  spin  diffusion  length 
and  the  behavior  of  ARA  is  well  described  by  the  two-current  series-resistors  model  [13]. 

GMR-PROPERTIES  IN  CPP  MODE  OF  SPIN- VALVE  FILMS  WITH  OXIDE  LAYER 

,  Evfn  for /toal-type  SV  films,  ARA  remains  in  the  order  of  several  mQpm2.  Therefore,  it  is 
ltticult  to  obtain  sufficient  output  voltage  using  conventional  spin-valve  read  heads  We  tried  to 
enhance  ARA  by  inserting  nano-oxide  layers  (NOL).  The  nano-oxide  layer  has  highly  conductive 
and  resistive  regions  due  to  inhomogeneous  oxidation.  The  effective  element  area  is  smaller 
than  the  physical  size  and  leads  to  a  “confined  current  path”.  If  the  confined  path  is  in  the 

vicinity  of  the  ffee/Cu  spacer/reference  layers,  then  we  can  expect  larger  ARA  while  the  RA  does 
not  increase  so  much. 

The  stacking  stnicture  of  the  film  was  Buffer/  PdPtMn/  CoFeB/  Ru/  CoFeB/  Cu/  CoFeB/  Cu/ 
CoFeBft  nm)-NOL/  capping  layer.  The  CoFeB  under  the  capping  layer  was  oxidized  just  after 
the  deposition  by  oxygen  gas  at  a  controlled  pressure.  Fig.  6  shows  RA,  ARA,  and  MR  ratio  as  a 
fu"ctr.lthe  ,thickness  of  the  oxidized  CoFeB.  RA  as  well  as  ARA  increase  when  t<  0.9  nm 
an  t  e  MR  ratio  is  kept  less  than  1%.  ARA  increases  more  rapidly  when  the  CoFeB  is  thicker 
than  1  nm  and  the  MR  ratio  is  enhanced  to  1 .5%.  This  MR  ratio  increment  is  thought  to  be  due 
to  the  confined  current  path  stnicture  of  CoFeB  on  the  Cu  back  layer.  The  enhancement  of  MR  is 
much  dearer  if  the  nano-oxide  layer  of  the  CoFeB  is  located  between  the  reference  and  free 
oTrS|  V7;  2  thlS  structure’  a  ratio  of  more  than  5%  was  observed  in  the  range  of  0.6  Qum2< 

RA  <  1 .5  iipm  .  This  GMR  property  is  inside  the  target  region  for  150  Gbit/in2  recording. 


CoFeB  thickness  (nm) 

Fig  6.  The  GMR  properties  in  the  spin  valve  film  with  nano-oxide  layer  in 
CPP  mode.  MR  enhancement  was  observed  r>l  nm,  where  t  is  the 
thickness  of  the  oxidized  CoFeB  under  the  capping  layer. 
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PROSPECTS  OF  SPINTRONICS 
HEAD 

Spin-valve  heads  are  already  a  kind  of 
“spintronic”  devices  because  they  utilize 
spin-dependent  electron  conduction. 

However,  CPP  structure  devices  such  as 
TMR  and  CPP-GMR  are  closer  to  being 
“full-pledged”  spintronic  device.  In  CPP 
mode,  the  conduction  electrons  pass 
through  all  the  multilayers,  and  conduction  C~ 
and  valence  band  levels  show  abrupt  [■ 

changes  according  to  the  band  structure  of  L 
each  material.  Therefore,  we  can  make  I^C 
better  use  of  the  spin-dependent  F 

conduction  in  CPP  structure  devices  than  n  1 
CIP  ones.  ^ 

Here,  one  of  our  recent  breakthroughs  . 
which  may  be  applicable  for  head  devices 
are  mentioned  [15].  Though  highly  * 

spin-polarized  materials  such  as  half  ^ 

metals  enable  significant  enhancements  of  f 
the  magnetoresistance  ratio  [  1 6] ,  it  is 
difficult  to  fabricate  practical  GMR  K 

devices  using  such  novel  materials. 

We  have  tried  to  enhance  the 
magnetoresistance  by  inserting  a  nonmagnetic 
thin  Cu  layer  into  the  free  layer,  which  is 
hereafter  called  a  laminated  free  structure  [15]. 
When  a  Cu  layer  is  inserted  in  the  free  layer,  the 
number  of  magnetic/nonmagnetic  interfaces 
increases  from  three  to  five  (see  Fig.  7).  The 
modification  makes  the  difference  between  spin 
up  and  down  resistance  increase  due  to  the 
additional  interfaces,  i.e.,  the  inserted  interfaces 
act  as  spin  filters  in  the  layer.  The  effect  can  be 
interpreted  phenomenologically  in  the 
framework  of  the  two-current  series-resistor 
model  [17,  15].  Figure  8  shows  the 
enhancement  of  ARA  due  to  the  laminated  free 
structure.  It  elucidates  the  role  of  the 
interfaces  in  the  spin  valves  in  the  CPP  mode, 
and  the  physics  of  CPP  GMR. 


Laminated  free  structure 


□  nti-noralldl 


Conventional  structure 


parallel 


Fig.  7  (a)  Schematic  structure  of  the  conventional 
(left)  and  laminated  free-layer  (right)  spin- valves. 
Thick  lines  indicate  magnetic/non, magnetic 
interfaces,  (b)  Configuration  of  the  magnetic 
moment  of  the  laminated  free  layer.  The  Cu 
spacer  between  the  free  layers  is  less  than  1  nm  and 
the  laminated  free  layer  rotates  in  phase.  The 
figure  schematically  shows  the  filtering  effect  of 
the  laminated  free  layer. 


Fig.  8  The  ARA  of  laminated  free 
spin-valves.  Double  refers  to  two  free 
layers  with  one  Cu  spacer;  ARA  increases 
by  30%  compared  to  a  conventional 
spin-valve.  Triple  refers  to  three  free 
layers  and  two  Cu  spacer  layers. 
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CONCLUSIONS 

Spin  valve  read  heads  have  been  improved  year  by  year,  taking  advantage  of  advancements  in 
our  knowledge  of  physics,  as  in  the  introduction  of  the  synthetic  ferrimagnetic  structure  and  use 
of  specular  electron  scattering  at  the  interface  of  metal/oxide  layers.  The  MR  ratio  of 
spin-valves  has  been  improved  beyond  15%  and  is  now  approaching  20%.  However,  with 
present  materials  and  known  techniques,  the  MR  ratio  can  hardly  be  increased.  Continuous 
growth  of  the  recording  density  requires  a  new  type  of  device  instead  of  the  cunent-in-plane 
(CIP)  head.  The  current-perpendicular-to-the-plane  (CPP)  structure  heads  are  more  suitable  for 
high  density  recording  than  CIP  heads  and  both  CPP-GMR  and  TMR  are  promising  candidates 
for  future  read  head  over  150  Gbit/in2.  Single  spin-valve  heads  with  a  nano-oxide  layer 
exhibited  an  MR  ratio  of  5%  and  its  GMR  properties  are  sufficient  for  150  Gbit/in2  recording. 
We  may  simply  be  entering  the  vast  world  of  “spintronics”  through  TMR  and  CPP-GMR.  The 
layered  structure  and  artificial  junction  technology  consisting  of  magnetic  and  nonmagnetic 
metals,  semiconductors,  and  insulator  will  provide  us  very  high  sensitive  devices  which  may  just 
work  for  future  terabit  recording. 
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ABSTRACT 

A  path  finding  method  and  a  stochastic  time  integration  scheme  for  the  simulation  of  thermally 
activated  magnetization  processes  are  introduced.  Hie  minimum  energy  path  and  the  saddle 
points  for  the  thermally  induced  transitions  between  the  ground  states  of  NiFe  magnetic  nano¬ 
elements  are  calculated. 

INTRODUCTION 

With  decreasing  size  of  magnetic  nanostructures  thermal  effects  become  increasingly 
important.  Prominent  examples  are  magnetization  noise  in  magnetic  sensor  elements  [1-3]  and 
the  thermal  stability  of  magnetic  MRAM  (Magnetic  Random  Access  Memory)  cells  [4]  or 
magnetic  storage  media  [5].  Magnetic  sensors  require  a  high  sensitivity  so  that  small  magnetic 
fields  can  be  detected.  On  the  other  hand  thermal  fluctuations  which  will  lead  to  thermal  noise 
should  be  suppressed.  The  free  layer  of  a  multilayer  sensor  element  is  soft  magnetic  and  may 
have  a  size  well  below  one  micrometer.  Thermally  induced  magnetization  processes  may  cause 
local  or  global  magnetization  rotations  which  cause  the  magnetization  noise.  With  decreasing 
lateral  extension  of  the  elements  thermal  fluctuations  become  more  pronounced.  Magnetic 
storage  elements  require  a  low  and  well  defined  switching  field  which  in  practice  is  limited  by 
the  current  through  the  write  line  in  an  array  of  MRAM  cells.  On  the  other  hand  the  shape  or  the 
induced  anisotropy  should  guarantee  a  life  time  of  a  stored  bit  of  about  10  years.  Again  the 
energy  barrier  for  thermally  induced  magnetization  reversal  decreases  with  increasing  size  of  the 
storage  elements.  The  corresponding  time  scales  differ  by  several  orders  of  magnitude:  Thermal 
noise  arises  on  a  time  scale  of  a  few  nanoseconds;  thermally  induced  switching  of  the 
magnetization  over  energy  barriers  extends  over  seconds  to  years.  Random  thermal  fluctuations 
of  the  magnetization  are  die  underlying  physical  process  which  causes  both  thermal  noise  and 
spontaneous  switching.  The  stochastic  fluctuations  arise  from  the  interplay  between  the  lattice 
vibrations  and  the  magnetization. 

A  micromagnetic  system  will  be  close  to  a  local  minimum  of  the  total  magnetic  Gibbs’  free 
energy.  Thermal  fluctuations  of  the  magnetization  cause  the  magnetization  to  wander  around  this 
minimum.  Occasionally  the  system  will  reach  a  region  next  to  a  saddle  point.  The  system  may 
cross  the  energy  barrier  and  move  into  the  basin  of  attraction  of  a  different  energy  minimum. 

This  process  can  be  described  by  the  Neel-Brown  theory  [6,7].  The  relaxation  time, 
r  =  /o 1  exp(£b  /  kBT) ,  is  the  inverse  of  probability  per  unit  time  for  crossing  the  barrier  £b-  The 
attempt  frequency,/*),  depends  on  material  parameters,  like  anisotropy,  particle  shape,  and 
damping  [8].  Its  value,  which  ranges  from /0  =  109  Hz  to /0  =  1012  Hz,  sets  the  time  scale  for 
thermally  assisted  magnetization  reversal,  r0  =  /o  1  «  1  ns . 

The  theoretical  treatment  of  thermally  induced  magnetization  processes  starts  from  the 
stochastic  Landau -Lifshitz  Gilbert  equation  and  the  corresponding  Fokker-Planck  equation  [7]. 
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The  energy  barrier  can  be  calculate#  for  coherent  rotation  in  single  domain  particles  and  the 
formation  of  reversed  domains  in  thin  ferromagnetic  wires.  The  attempt  frequency  can  be 
estimated  by  solving  the  Fokker-Planck  equation  numerically  or  analytically  [7-10], 
Alternatively,  the  stochastic  Landau-Lifshitz  Gilbert  equation  can  be  solved  numerically  for 
short  time  scales  and  small  systems  [11-14].  Recently,  numerical  solutions  of  the  stochastic 
Landau-Lifshitz  Gilbert  equation  were  reported  for  extended  micromagnetic  systems  [3,14].  Zhu 
[3]  analyzed  the  magnetization  noise  in  submicron  sized  sensor  elements  based  on  the  numerical 
solution  of  the  stochastic  Landau-Lifshitz  Gilbert  equation.  The  time  integration  of  the  stochastic 
Landau-Lifshitz  equation  is  restricted  to  small  time  scales  and  thus  is  a  proper  tool  to  analyze 
magnetization  noise.  The  calculation  of  long  term  thermal  effects  needs  a  detailed 
characterization  of  the  energy  landscape  along  the  most  probable  path  which  is  taken  by  the 
system  to  cross  the  energy  barrier.  Berkov  [15]  calculated  the  transition  path  of  interacting  single 
domain  particles  by  minimizing  the  action  along  the  path.  He  showed  that  a  direct  minimization 
of  the  action  may  also  give  paths  through  local  maxima  which  have  to  be  excluded.  Ren  [16] 
proposed  an  elastic  band  method  to  calculate  a  minimum  energy  path  in  micromagnetic  systems. 
Starting  from  an  initial  guess  for  the  path  which  connects  two  local  minima  of  the  system,  a 
highly  probable  path  is  found  by  moving  the  points  along  the  path  according  to  an  algorithm 
which  resembles  tensioning  an  elastic  band  across  a  mountain.  Variants  of  elastic  band  methods 
are  commonly  used  to  calculate  transition  rates  in  physical  chemistry  [17].  Dittrich  an  co¬ 
workers  [19]  originally  applied  the  elastic  band  method  to  calculate  energy  barriers  and  saddle 
points  in  complex  micromagnetic  systems  like  discrete  perpendicular  recording  media. 

In  this  work  we  apply  both  stochastic  time  integration  and  path  finding  techniques  in  the 
framework  of  the  finite  element  method,  in  order  to  simulate  thermal  effects  in  magnetic 
nanostructures.  Thus  it  is  possible  to  take  into  account  complex  geometries  and  realistic  element 
shapes.  Both  methods  are  complementary.  The  stochastic  time  integration  is  restricted  to 
simulation  times  of  about  10  ns.  As  a  consequence  the  calculation  of  barrier  crossing  by 
stochastic  time  integration  is  limited  to  small  energy  barriers.  The  transition  rate  for  large 
barriers  can  be  estimated  from  the  barrier  height  which  can  be  calculated  from  the  minimum 
energy  path.  In  addition  to  the  energy  barrier,  the  elastic  band  method  provides  a  global  view  of 
the  energy  landscape  such  as  local  minima  and  saddle  points  along  the  path.  The  magnetization 
processes  as  computed  from  the  stochastic  time  integration  method  and  the  minimum  energy 
path  are  compared  for  transitions  between  different  ground  states  in  magnetic  nano-elements. 

MICROMAGNETIC  AND  NUMERICAL  BACKGROUND 

The  micromagnetic  description  of  the  system  starts  from  the  total  magnetic  Gibbs’  free 
energy  [19] 


\ 

u-He>1)dV. 

/ 


(1) 


E  is  the  sum  of  the  exchange  energy,  the  anisotropy  energy,  the  stray  field  energy,  and  the 
Zeeman  energy;  u  denotes  the  unit  vector  parallel  to  the  magnetization,  A  is  the  exchange 
constant,  K\  is  the  uniaxial  magnetocrystalline  anisotropy  constant,  and  /s  is  the  spontaneous 
magnetic  polarization.  The  integral  (1)  is  over  the  total  volume  of  the  magnetic  particles.  In  a 
stationary  state  the  magnetic  system  occupies  a  local  minimum  of  (1).  Owing  to  thermal 
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activation  the  system  may  overcome  an  energy  barrier  and  spontaneously  move  towards  a 
different  local  minimum  of  the  energy. 

We  use  the  finite  element  method  to  evaluate  E  for  complex  magnetic  systems.  The 
direction  cosines  of  the  magnetization,  «k,  are  interpolated  by  piecewise  linear  functions  on  a 
tetrahedral  finite  element  mesh.  In  order  to  calculate  the  magnetic  stray  field,  Hs,  we  use  a  hybrid 
finite  element  /  boundary  element  method  [20].  The  simulation  of  the  time  evolution  of  the 
magnetization  requires  to  calculate  the  effective  field,  Hcff,  defined  by  the  negative  variational 
derivative  of  E.  The  effective  field  on  the  nodes  of  the  finite  element  mesh  may  be  approximated 
using  a  box  scheme 
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where  m*  is  the  magnetic  moment  associated  with  node  /  of  the  finite  element  mesh.  The 
stochastic  Landau-Lifshitz  equation  is  a  system  of  3 N  Langevin  equations  with  multiplicative 
noise 
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where  the  indices  ijjc  run  over  the  three  space  directions,  and  the  index  /  =  1,.. .  JV  runs  over  the 
number  of  nodes.  The  drift  term,  A\ ,  is  the  right  hand  side  of  the  deterministic  Landau-Lifshitz- 
Gilbert  equation,  a  is  the  Gilbert  damping  constant  and  y  is  the  gyromagnetic  ratio.  H[h  is  the 
random  thermal  field.  The  thermal  field  is  assumed  to  be  a  Gaussian  random  process  with  the 
following  statistical  properties: 

(H‘1hj(t))  =  Q  and  =  (6) 

The  average  of  the  thermal  field,  taken  over  different  realizations,  vanishes  in  each  direction 
i  in  space.  The  thermal  field  is  uncorrelated  in  time  and  space.  The  strength  of  the  thermal 
fluctuations  follows  from  the  fluctuation-dissipation  theorem  [11]: 
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Numerically  the  equations  (3)  to  (5)  are  solved  using  a  semi-implicit  time  integration 
method  [21].  The  time  is  divided  into  a  lattice  of  discrete  points  tn.  The  Langevin  equation  is 
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solved  in  the  time  interval  tn  to  tn+i  with  the  initial  condition  u\  =  u\  (tn ) .  The  right  hand  side  of 
(3)  is  evaluated  at  the  midpoint  tn  =  (tn  +  tn+l  )/2  =  tn  +At/2.  The  update  of  the  direction  cosines 
is  given  by 


A« '  =  A!  ,  u!*1 ,...)  A t  +  (-.«/-  > «/ ,  ,...)Aff  i 


thjfc 


(8) 


with  the  noise  integral 

*it+l 

(9) 

tn 

The  magnetization  directions  at  the  midpoint  of  the  time  interval  is 

u‘  =  {u‘  (/„ )  +  u\  ))/  2  =  «'  (f  J  +  A«  /  2 ,  ( 10) 

assuming  linearization  of  within  the  time  interval.  The  midpoint  value,  uj ,  is  given  implicitly 
by  the  equations  (8)  and  (10)  which  is  solved  by  functional  iteration.  Numerical  tests  show  that 
about  five  iterations  are  sufficient  to  gain  the  required  accuracy  of  10"5.  From  the  midpoint  value 
the  magnetization  at  the  time  W  is  calculated  from  (10)  and  then  normalized: 

)  =  2«;'  ~ui(t„),  u'=u/|u|.  (11) 

A  common  feature  of  path  finding  methods  is  the  discrete  representation  of  the  path 
connecting  the  inital  state  of  the  system  with  its  final  state.  In  micromagnetics  we  represent  the 
magnetic  states  of  a  system  by  the  set  of  magnetic  moments  M  =  { . .  MmM,  m' ,  m/+1,. . . )  .The 
index  /  =  runs  over  all  nodes  of  the  finite  element  mesh.  For  the  configuration  space  we 

use  polar  coordinates  of  dimension  2 N.  First  we  construct  a  sequence  of  magnetic  states  in  such  a 
way  as  to  form  a  discrete  representation  of  a  path  from  the  initial  magnetization  state,  M(0,  to  the 
final  magnetization  state,  An  optimization  algorithm  is  then  applied  until  at  any  point  along 
the  path  the  gradient  of  the  energy  is  only  pointing  along  the  path.  This  path  is  called  minimum 
energy  path  which  means  that  the  energy  is  stationary  for  any  degree  of  freedom  perpedicular  to 
the  path.  The  minimum  energy  path  typically  represents  the  path  with  the  greatest  statistical 
weight.  From  this  path  statistical  quantities  as  for  example  transition  rates  for  the  thermally 
induced  magnetization  reversal  can  be  estimated. 

Henkelman  and  Jonsson  proposed  the  nugded  elastic  band  method  to  calculate  minimum 
energy  paths  [17].  We  represent  a  path  by  a  sequence  of  images.  An  intitial  path  is  assumed 
which  connects  the  initial  magnetization  state  M(,)  -  M{1)  with  the  final  magnetization  state 
M(f)  =  M(m).  The  index  k  runs  from  1  to  m.  The  path  is  optimal,  if  for  any  image  Ma)  the  gradient 
of  the  energy  is  only  pointing  along  the  path  or  in  other  words  the  component  of  the  energy 
gradient  normal  to  the  path,  D,  is  zero.  If  t  denotes  the  unit  tangent  vector  along  the  path,  a 
minimum  energy  path  has  the  following  property 

Dlt)=V£(M<*))-[V£(Mw)’t]t=0,  for#  =l,...,m  (12) 
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The  optimal  path  can  be  found  using  an  iterative  scheme.  In  each  iteration  step  the  images 
move  towards  lower  energy  in  a  direction  perpendicular  to  the  path.  So  the  image  M*  is  moved 
into  the  direction,  -D{k).  This  iterative  scheme  is  numerically  very  ineffective.  Thus  instead  we 
solve  a  system  of  ordinary  differential  equations 

for*  =  2,...,(m-l)  (13) 

3 1 

using  an  implicit,  variable  order,  variable  time  step  time  integration  method  [22].  Here  the  time  t 
is  introduced  for  numerical  convenience  and  has  no  physical  meaning.  In  order  to  keep  an  equal 
distance  between  successive  images  a  spring  force  may  be  introduced  [17]. 

RESULTS 

Small  rectangular  NiFe  elements  show  two  distinct  ground:  The  S-state  and  the  C-state. 
Thermal  fluctuations  may  induce  a  transition  between  the  different  states.  The  C-state  has  a 
slightly  lower  energy  than  the  S-state.  Figure  1  shows  the  magnetic  states  during  the  thermally 
induced  switching  from  the  S-state  to  the  C-state.  The  magnetization  distributions  are  calculated 
from  the  numerical  solution  of  the  stochastic  Landau-Lifshitz  Gilbert  equation  at  a  temperature 
of  T  =  350K.  The  sequence  of  magnetization  configurations  in  figure  1  covers  a  time  of  5  ns. 

The  transition  between  the  grounds  states  were  also  calculated  using  the  path  finding 
method.  The  initial  path  was  constructed  connecting  the  two  possible  S-states.  Along  the  initial 
path  the  different  images  are  obtained  by  linear  interpolation.  Then  a  minimum  energy  path  is 
found  solving  equation  (13).  Figure  2  shows  the  energy  along  the  final  path.  In  addition  the 
magnetization  states  along  the  path  are  shown.  The  path  finding  algorithm  identifies  the  C-state 
as  a  global  energy  minimum.  The  C-state  is  separated  from  the  S  states  by  saddle  points.  The 
comparison  of  the  magnetization  states  presented  in  figure  1  and  in  figure  2  clearly  shows  that 
the  magnetic  states  along  the  minimum  energy  path  correspond  to  the  magnetic  states  which  are 
visited  during  the  stochastic  motion  of  the  magnetization  according  to  the  Langevin  equation. 
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Figure  1.  Magnetization  states  visited  during  the  solution  of  the  stochastic  Landau-Lifshitz 
Gilbert  equation.  The  NiFe  element  has  an  extension  of  150  x  100  x  5  nm3.  An  induced 
anisotropy  of  =  500  J/m3  was  assumed  parallel  to  the  long  axis.  The  grey  scale  maps  the 
magnetization  component  parallel  to  the  short  axis  of  the  element. 
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arc  length  (a.u.) 

Figure  2.  Magnetization  configurations  and  energy  along  the  minimum  energy  path.  The 
temperature  is  T=  350K.  The  saddle  point  with  the  open  symbols  is  not  shown  on  the  left  hand 
side. 
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ABSTRACT 

We  discuss  the  precessional,  quasi-ballistic  switching  of  magnetization  in  magnetic 
nanostructures.  In  soft  spin-valve  cells,  fast  and  energy-cost  effective  magnetization  switching 
can  be  triggered  by  a  transverse  field  pulse  of  moderate  amplitude,  below  the  in  plane  anisotropy 
field,  because  of  an  amplification  effect  brought  by  the  demagnetizing  field  at  the  early  stage  of 
the  reversal.  The  same  effect  is  no  more  possible  in  hard  nanomagnets  with  perpendicular  easy 
magnetization  axis.  We  propose  a  new  type  of  nano  structured  magnetic  device,  designed  to 
overcome  this  limitation.  The  speed  is  obtained  through  the  use  of  a  very  high  effective  magnetic 
field,  obtained  by  incorporating  a  significant  exchange  field  which  stores  the  energy  in  the  form 
of  a  constrained  domain  wall  surrounding  a  region  of  high  magnetic  anisotropy.  This  stored 
energy  is  partially  available  to  accelerate  the  magnetization  reversal  in  a  precessional  scenario. 
We  illustrate  die  concept  by  studying  numerically  a  model  system.  The  key  parameter  for  the 
reversal  is  the  ratio  of  the  domain  wall  width  to  die  structure  lateral  dimension.  Possible  routes 
for  device  preparation  are  discussed.  Promising  application  to  magnetic  storage  are  anticipated. 

INTRODUCTION 

’  Obtaining  reproducible  magnetization  switching  within  the  sub-nanosecond  regime  and 
the  sub-micron  range  is  currently  one  of  the  most  challenging  tasks  in  nanomagnetism.  On  the 
information  storage  front,  it  is  of  particular  industrial  interest  to  propose  a  writing  strategy, 
which  is  fast,  error-free  in  a  large  array  of  cells,  energy  cost-effective,  and  easily  down-sizable. 
Both  theoretical  models  [1]  and  time-resolved  magneto-optic  [2]  or  electrical  [3]  experiments 
can  now  account  in  details  for  the  sub-nanosecond  behavior  of  soft  magnetic  thin  films  and 
nanoelements.  The  magnetization  dynamics  is  described  by  the  Landau-Lifshitz  equation  [4]  : 
dM  -  ~  a  \ dM  - 1  /t. 

—  .,^.1/-^— «vj  (1) 

where  we  use  yo  =  -  y^o  instead  of  the  classical  gyromagnetic  ratio  y.  H^r  is  the  instantaneous 
effective  field:  =  H  +  HK  +  +  HD .  Here,  H  is  the  applied  field,  and  Hk  is 

the  magnetocrystalline  anisotropy  field  and  depends  on  the  relative  orientation  between  the 
crystalline  axes  and  the  magnetization.  The  exchange  field  Hexch  represents  the  energy  stored  in 
the  magnetization  torsion.  The  demagnetizing  field  HD=-N.M,  where  N  is  the  demagnetizing 
tensor,  depends  mainly  on  the  relative  orientation  between  magnetization  and  the  principal  axes 
of  the  magnetic  element  shape.  We  shall  restrict  below  to  the  case  of  flat  nearly  elliptical 
platelets,  elongated  along  x,  where  we  have  the  relation  Nx  £  Ny  «  Nz  » 1 . 

The  time  evolution  scales  with  the  Uniform  Precession  (UP)  frequency  fup  =  (yo/2 7t)  Heff, 
where  -y/2 n  =  28  GHz/T.  The  relaxation  towards  equilibrium  is  described  phenomenologically 
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by  the  damping  constant  a,  with  1/ayoHcff ,  typically  about  0.2-2  ns,  characterizing  the  energy 
relaxation  time.  In  the  following,  we  affect  the  symbol  "°"  to  zero  applied  field  quantities. 

The  conventional  strategy  to  reverse  magnetization  is  to  apply  an  external  field  H 
antiparallel  to  the  equilibrium  magnetization.  This  strategy  remains  efficient  in  quasi-static 
reversal,  when  thermal  activation  helps  to  overcome  the  energy  barriers  [5].  In  the  ultrafast  limit, 
a  step  of  external  field  applied  roughly  antiparallel  to  M  makes  it  undergo  multiple  precessions 
about  the  local  effective  field  before  reaching  full  reversal  ([2,3]).  The  resulting  reversal  times 
are  thus  much  longer  than  the  precession  period. 

The  non-conventional  ultrafast  magnetization  reversal  strategies  can  be  classified  in  two 
categories  :  (i)  for  magnetically  soft  material  where  the  equilibrium  effective  field  is  almost  zero 
or  (ii)  for  magnetically  hard  material,  where  the  equilibrium  effective  field  can  be  huge.  We  shall 
in  the  following  discuss  two  model  configurations: 

(i)  In  soft  in  plane  magnetized  elements .  the  effective  field  H^r  is  nearly  zero  when 
magnetization  M  is  at  rest  along  its  equilibrium  axis.  To  achieve  fast  reversal,  the  external  field 
H  creates  a  significant  additional  perpendicular  demagnetizing  field  that  drives  the  motion  of  the 
magnetization  through  the  torque  HDxM.  The  most  striking  application  of  this  strategy  is  the  so- 
called  precessionnal  switching  [6-9]  of  soft  elements,  for  which  a  magnetic  field  pulse  is  applied 
along  the  short  axis  of  a  soft  platelet.  The  reversal  lasts  only  typically  few  times  \fy^2HMs  , 
and  can  be  as  small  as  150  ps  (section  I). 

(ii)  In  hard  perpendicularly  magnetized  elements .  the  effective  field  incorporates  the  anisotropy 
field  and  can  thus  be  huge  at  equilibrium,  when  H^f0  and  M°  are  collinear.  In  consequence,  to 
achieve  reversal  the  applied  field  must  first  create  a  significant  angle  between  the  effective  field 
Heff°  and  a  displaced  magnetization.  To  achieve  cost-effective  reversal,  we  propose  that  the 
external  field  is  immediately  relayed  by  a  strong  “helping”  field  with  a  different  symmetry  from 
the  anisotropy  field.  The  required  helping  field  magnitude  is  typically  (Hk-Ms)/2,  and  may  be  of 
exchange  origin.  Switching  speeds  below  150  ps  may  then  be  obtained.  We  propose  a  practical 
device,  where  the  exchange  field  can  be  stored  in  the  form  of  a  domain  wall  surrounding  a  small, 
high  magnetic  anisotropy  region  (Section  II).  To  access  the  real  technological  potential  of  the 
concept,  we  numerically  study  a  model  sample,  that  could  for  instance  be  realized  by  using  local 
light  ion  irradiation  techniques  [10].  First  attempts  to  fabricate  such  a  device  are  reported. 

I.  PRECESSIONAL  REVERSAL  IN  SOFT  MAGNETIC  MATERIALS 

In  this  section  we  deal  with  soft  magnetic  materials.  In  related  devices,  poHK  and  the  in 
plane  shape  anisotropy  (Ny-NX)MS  are  of  the  same  order  of  magnitude  and  can  be  included  in  a 
total  anisotropy  field  poHA  of  order  typically  a  few  mT.  We  will  also  assume  a  coherent  reversal 
(M  stays  uniform),  and  so  HexCh  will  be  neglected. 

LA.  Precessional  reversal  strategy  in  soft  systems 

For  an  efficient  magnetization  reversal  scheme,  the  initial  torque  HeffX  M  should  be  near 
maximum,  and  so  the  external  field  should  be  applied  at  an  angle  n/2  with  respect  to  the 
magnetization. 

The  resulting  magnetization  reversal  precessional  scenario  [1 1,12]  in  a  soft  rectangular 
platelet  is  depicted  in  Figure  1 .  The  field  pulse  H  is  applied  along  the  short  (hard)  axis  of  the 
platelet  (step  1).  This  initial  torque  pushes  the  magnetization  out  of  the  film  plane  at  a  rate 
YoMsH.  The  resulting  demagnetizing  field  grows  during  a  given  settling  time  ti  (step  2  of  Fig.  1). 
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After  this  delay  Ti,  the  demagnetizing  torque  gets  greater  than  the  Zeemann  torque  and 
magnetization  precesses  then  mainly  around  the  demagnetizing  field,  perpendicular  to  the 
platelet  (step  3  of  Figure  1).  This  induces  a  180  degrees  reversal  of  the  magnetization  of  duration 
t2.  If  the  magnetic  field  is  switched  off  at  the  particular  time  ti+t2 ,  magnetization  falls  into  the 
nearest  energy  minimum,  which  has  a  reversed  magnetization. 

LB.  Experimental  results  on  soft,  micron-sized  spin  valve  cells 

This  precessional  strategy  has  been  tested  by  H.  W.  Schumacher  et  al.  [7,9]  on  stadium 
shaped  5pm  x  2.3pm  spin-valve  cells.  The  soft  layer  is  CoFe  20  A  /  NiFe  30  A.  The  total  in 
plane  anisotropy  field  of  that  element  is  HA~  7.5  mT.  The  transverse  field  pulse  is  generated  by  a 
current  pulse  injected  into  a  buried  high  bandwidth  coplanar  line,  while  magnetization  reversal  is 
followed  by  magneto-resistance  using  a  40  GHz  bandwidth  electrical  set-up  [13]. 

A  representative  time-resolved  measurement  of  the  magnetization  switching  process  in 
that  soft  cell  is  displayed  on  Figure  2.  The  165  ps  transverse  pulsed  field  reaches  8  mT  with  rise 
time  45  ps  (Fig.2B).  Fig.2A  is  a  macrospin  simulation  assuming  a  sample  with  diagonal 
demagnetizing  tensor.  Fig.2C  is  the  experimental  magneto-resistive  response  of  the  spin-valve. 
The  20%-80%  reversal  takes  places  in  a  time  interval  of  130  ps.  As  shown  in  [7],  such 
precessional  scenario  can  be  obtained  at  applied  fields  below  the  Stoner-Wohlfarth  scenario. 

I.C.  Discussion 

We  first  estimate  the  time  needed  for  the  full  switching  of  a  soft  cell,  when  using  a  precessional 
strategy.  We  then  comment  on  the  requirements  on  the  magnitude  of  the  applied  field  by 
comparison  to  the  Stoner-Wohlfarth  mechanism.  A  comprehensive  discussion  of  the 
requirements  on  the  field  pulse  duration  can  be  found  in  ref.  [7].  Also,  we  will  assume  here 
H»Ha:  a  more  detailed  treatment  of  the  influence  of  HA  is  beyond  the  scope  of  this  paper. 

1 .  Analytical  .estimate,  of  the  switching,  time 
We  assume  H  «  Ms  and  a  «  1  (energy  conservation).  We  note  <(>  the  angle  between  M 
and  the  platelet  plane  (xy).  H  creates  an  initial  torque  which  pushes  M  out  of  the  film  plane  as  : 

dMz  =  Yo  H.Mx(t).dt  (2) 


Figure  1  :  Sketch  of  the  precessional  switching  scenario  on  a  soft  platelet.  At  step  1 ,  a  hard 
axis  field  pulse  is  applied  onto  the  platelet  of  initial  magnetization  (black  arrow)  along  the 
easy  axis.  At  step  2,  magnetization  is  lifted  out  of  the  film  plane,  thus  creating  a  strong  out-of¬ 
plane  negative  demagnetizing  field.  Magnetization  precesses  about  this  demagnetizing  field 
and  proceeds  to  a  180°  reversal  (step  3). 
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This  results  in  a  demagnetizing  field  growing  approximately  as  -y0H.Ms.t.z.  Eq.  I 
projected  on  the  (y)  axis  leads  to  a  quadratic  dependence  of  My  at  small  t.  The  initial  evolution  of 
Mx  is  found  by  projecting  Eq.l  on  the  (x)  axis  and  keeping  the  terms  of  lowest  order  in  time 
dependence.  Mx  evolves  quadratically  with  time  as  : 

Mx(t)  -  M°x  »  Vi  Yo2  Ms.H2.t2.  (3) 

During  this  regime,  the  projection  of  M(t)  on  the  easy  axis  will  not  change  much.  This 
appears  to  experimentalists  as  a  delay  tj  before  reversal  effectively  starts. 

After  this  delay  r/,  the  demagnetizing  torque  exceeds  the  Zeemann  torque  and 
magnetization  precesses  then  mainly  around  the  demagnetizing  field.  This  induces  the  180 
degrees  reversal  lasting  r?. 

To  estimate  r^,  we  focus  on  the  particular  instant  when  M  is  above  the  hard  axis,  i.e. 
between  step  2  and  3  of  Figure  1.  We  have  Mx=0,  My=  Ms.cos<|>  and  Mz  =  Ms.sin<|>.  At  that  time, 
the  initial  Zeemann  energy  p0  H.M(t=o)=0  has  decreased  to  -po  HMS  cos<|>,  and  has  almost  entirely 
flown  into  the  demagnetizing  energy.  We  thus  can  write  : 

po  HMS  cos<|>  =  14  poMs2sin2<|>.  (4) 

Since  H  «  Ms,  the  angle  <|)  is  weak,  and  sin  <p  »  yj2H/Ms  .  Around  this  instant  the 

precession  frequency  is  approximately  (yoHd/2tt),  and  the  characteristic  switching  time  r?  can  be 
evaluated  from  this  frequency: 

"2  ={/y0  y/2H.Ms  )  (5) 


The  initial  delay  tj  is  about  the  time  it  takes  for  HD  to  settle  its  magnitude  and  start  switching  the 
magnetization.  In  the  linear  approximation  of  Eq.  2,  this  time  is  passed  when  Mz  reaches  its 
maximum  yj 2H.MS  ,  and  so  we  can  evaluate  z\  as: 

r  \ 


Tt  « 


(6) 


It  follows  immediately  that  the  characteristic  total  reversal  time  will  scales  with: 


Figure  2  (courtesy  of  H.W.  Schumacher,  C. 
Chappert,  R.C.  Sousa,  P.P.  Freitas  and  J. 
Miltat,  [9]).  (A):  Macrospin  calculation  of  the 
precessional  switching  trajectory  in  the  XZ 
plane.  The  field  pulse  is  stopped  after  a  180° 
precession  about  H.  (B):  Experimental  field 
pulse  of  8  mT  and  165ps  duration.  (C): 
Normalized  experimental  Magneto-resistive 
response  of  the  spin-valve  (gray  dots)  and 
simulation  (full  line)  of  the  easy  axis 
component  of  the  magnetization. 
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The  previous  approach  focused  on  the  initial  stages  of  the  magnetization  reversal.  It  is 
worth  completing  this  approach  by  studying  magnetization  fluctuations  long  after  the  onset  of 
the  external  field,  which  we  now  assume  to  be  a  Heavyside  step  function.  In  our  hypothesis  that 
H>Ha,  the  final  magnetization  lies  along  the  in-plane  hard  axis.  As  a  result,  H  is  transverse  to  M 
at  t=0  and  longitudinal  at  t— >oo. 

Classical  Ferromagnetic  Resonance  (FMR)  theory  [14]  indicates  that  the  long  term 
uniform  precession  (UP)  mode  is  about  the  applied  field,  with  a  frequency 
6)UP  =  y0  -  Ha  \H  +  {(Nz  -  Ny  ]ms )  *  y0^H.Ms  ,  and  that  this  UP  mode  can  be  efficiently 

pumped  at  t  -  0+  because  the  initial  field  is  transverse. 

Hence  the  long-term  characteristic  FMR  frequency  and  our  estimated  switching 
frequency  both  scale  with  y^Hm'M5  ,  which  further  confirms  our  evaluation. 

2 .  Minimal,  cost  in  applied  field 

Stoner- Wohlfarth  switching  theory  [15]  assumes  coherent  rotation  and  zero  temperature, 
and  derives  switching  fields  Hs  from  the  sole  criteria  of  energy  local  minimum.  This  gives  the 
well  know  asteroid  curve  when  plotting  the  orientation  dependence  of  Hs  in  the  plane  of  the 
samples. 

Although  the  precessional  switching  is  also  a  coherent  behavior,  it  would  be  wrong  to 
assume  the  same  orientation  dependence  for  the  switching  fields.  The  reason  is  that,  while  in 
Stoner-Wohlfart  analysis  the  field  is  sweep  slowly ,  such  that  the  energy  dissipation  is  always  fast 
enough  to  stabilize  magnetization  in  the  nearest  energy  minimum,  in  the  precessional  strategy, 
the  field  is  swept  very  rapidly  and  magnetization  is  never  in  an  energy  local  minimum  after  t=0. 

In  the  geometry  described  in  this  paper,  with  H  greater  than  the  anisotropy  field  HA,  there 
exists  only  one  equilibrium  magnetization  orientation,  along  H.  As  a  result,  the  magnetization 
trajectory  is  almost  symmetric  around  H  (in  the  case  a«l),  and  the  applied  field  pulse  length 
must  be  fitted  to  odd  multiples  of  the  switching  time  to  achieve  reversal  [7,  16].  Ballistic,  non¬ 
ringing  trajectories  require  to  stop  the  applied  field  exactly  when  Mz(t)=0  [7,  9,  17]. 

The  situation  is  more  complex  when  H  is  smaller  than  the  anisotropy  field  HA.,  because 
there  exists  two  degenerate  stable  magnetization  orientations.  The  final  state  will  thus  depends  on 
the  history  and  can  not  be  derived  from  sole  energy  considerations.  Field  pulse  rise  time  and 
length  must  be  precisely  controlled,  and  switching  can  be  obtained  at  fields  lower  than  Stoner- 
Wohlfarth  switching  fields  [12,  16].  For  instance,  G.  Albuquerque  et  al.  [17]  have  extended  this 
analysis  and  shown  that,  in  the  limit  of  vanishing  a  and  infinitely  small  rise-time,  a  transverse 
field  of  H=Ha/2,  i.e.  half  of  the  Stoner-Wohlfarth  switching  field,  is  enough  to  trigger 
magnetization  switching.  The  work  of  H.W.  Schumacher  et  al.  ([7,  9])  is  to  our  knowledge  the 
first  experimental  demonstration  of  such  precessional,  sub  Stoner-Wohlfarth  switching. 

One  important  criterium  must  finally  be  discussed.  Achieving  the  excitation  of  a 
precession  mode  requires  the  excitation  field  time  dependence  to  comprise  Fourrier  components 
of  frequencies  above  the  precession  characteristic  frequency.  Success  of  the  precessional  strategy 
thus  requires: 

l/H  (dH/dt)  »  r„  ^H.Ms  (7) 

In  the  experiments  described  in  §  LB  (Figure  2),  precession  effects  strongly  dominate 
since  l/H  (dH/dt)  *  20  GHz  and  r0-JH-Ms  *  3  GHz. 
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II.  PRECESSIONAL  REVERSAL  IN  fflGH  ANISOTROPY  SYSTEMS 


Two  terms  have  been  ignored  so  far  in  the  Landau- Lifshitz  equation:  the  magneto¬ 
crystalline  anisotropy  and  exchange  fields.  In  this  section,  hard  material  nanostructures  are 
considered,  and  Hk=  Hk.z  is  assumed  to  be  higher  than  Ms.  The  effective  perpendicular 
anisotropy  HK-Ms  is  typically  0.1  to  1  T.  Hexch  will  be  introduced  in  §II.C. 

II.A.  Adapting  precessional  strategy  to  high  anisotropy  systems 

The  uniform  FMR  mode  of  a  soft  platelet  around  the  stable  equilibrium  position  in  zero 
applied  field  is  given  by  coUP  «  /0^]MSH a  [14],  where  HA  is  small.  The  UP  trajectory  is  very 

elliptical :  the  in-plane  aperture  angle  is  much  greater  than  the  out-of-plane  angle.  This  provides 
a  path  for  reversing  the  magnetization  through  a  quasi  easy-plane  trajectory  (section  I). 

The  situation  is  very  different  for  a  hard  platelet  with  high  perpendicular  anisotropy.  The 
UP  frequency  in  zero  applied  field  is  coUP  =  y0  (hk  -  Ms ) ,  such  that  the  intrinsic  dynamics  of 

the  system  is  already  faster  than  for  a  soft  platelet  (by  a  factor  of  about  2  with  the  parameters  of 
this  paper).  But,  as  (Hk-Ms)  is  much  greater  than  any  in  plane  anisotropies,  the  UP  trajectory  is 
nearly  circular  around  the  anisotropy  axis,  which  does  not  provide  an  easy  path  for  reversal. 
Considerably  much  higher  transverse  fields  are  required  to  pump  these  modes  compared  to  a  soft 
material.  Following  the  arguments  of  §  I.C.2,  and  considering  that  hard  materials  usually 
experience  high  damping,  reversing  the  magnetization  requires  fields  of  the  order  of  (Hk-Ms). 

Circumventing  this  difficulty  requires  to  favor  the  pumping  of  only  one  transverse 
magnetization  component  to  make  the  UP  much  more  elliptical.  This  may  be  done  by  adding  an 
additional  term  in  the  effective  field,  with  a  different  symmetry  from  that  of  the  anisotropy  field. 
In  the  next  subsection,  we  consider  such  an  extra  Hx  field  in  the  (x)  direction,  with  typical 
strength  po(Hk-Ms)/2.  In  section  II.C  we  will  propose  to  use  an  exchange  field  HexCh  for  this 
purpose.  More  general  considerations  on  speed  and  energy  cost  will  be  given  in  section  II. D. 

II.B.  Precessional  reversal  strategy  in  hard  systems 

Let  us  consider  the  state  defined  in  step  1  of  fig.3.  The  magnetization  at  rest  (black  arrow 
in  Fig.3)  is  parallel  to  the  effective  field,  i.e.  the  vector  sum  of  an  extra  field  Hx  along  (x),  an 
anisotropy  field  along  (z)  and  a  demagnetizing  field  along  (-z). 

To  induce  magnetization  reversal,  the  external  field  H  (gray  arrow  in  fig.3)  is  applied 
along  the  (x)  direction.  The  Zeemann  torque  extracts  M  from  the  (xz)  plane  at  a  rate 
Yo  Ms.H.sin<|)  (step  2).  Precession  is  initiated  and  M  is  sent  towards  the  (xy)  plane.  The  effective 
anisotropy  field  (HK-MZ)  decreases  as  Mz  as  M  approaches  the  film  plane.  At  step  3, 
magnetization  is  in  the  (xy)  plane:  (Hk-Mz)  vanishes  and  the  precession  proceeds  around 
(Hx+H).  However,  the  movement  of  M  slows  down.  The  applied  field  can  be  possibly  stopped  at 
step  3:  the  sole  extra  field  can  finish  the  job  until  step  4,  when  Mz  is  strongly  negative,  and  the 
anisotropy  field  has  reset  and  stabilizes  M  to  a  “reversed”  position.  However  the  movement  is 
faster  if  the  field  H  is  not  switched  off  at  step  3. 

II.C.  Micromagnetic  illustration  of  the  concept 

One  way  to  reach  high  enough  values  for  this  extra  in-plane  field  Hx  is  to  use  exchange 
energy.  This  can  be  done  for  example  by  depositing  a  high  perpendicular  anisotropy  alloy  onto 
an  antiferromagnetic  buffer  creating  an  in-plane  exchange  bias.  In  that  case,  the  exchange  field 
can  reach  typically  250  mT  [18],  which  would  be  sufficient  for  our  goal. 
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Figure  3  :  Sketch  of  the  precessional  switching  scenario  of  a  hard  platelet  with  perpendicular 
anisotropy  subjected  to  an  in-plane  exchange  field.  Step  1:  equilibrium  configuration:  M  is  in 
the  (xz)  plane,  making  an  angle  <|>  with  the  (xy)  plane.  An  extra  field  Hx  lies  along  (x).  Step 
2 1  an  in-plane  field  pulse  parallel  to  Hx  tilts  the  magnetization  out  of  the  (xz)  plane. 
Magnetization  starts  to  precess  about  the  effective  field  Step  3:  if  the  Hx  torque  exceeds  the 
anisotropy  torque,  magnetization  proceeds  with  a  precession  around  Hx+H.  The  applied  field 
can  be  switched  off  as  soon  as  M  crosses  the  xy  plane.  At  Mz(t)=0,  the  sole  Hx  torque  exists 
and  pushes  M  further  under  the  (xy)  plane,  while  the  anisotropy  field  resets  to  stabilize  M  at 
an  angle  -  ((with  respect  to  (z). 


Such  a  high  exchange  field  can  also  be  found  in  a  strong  magnetization  gradient.  This 
occurs  for  instance  in  a  Bloch  domain  wall,  where  the  local  exchange  torque  is  of  the  order  of  the 
effective  anisotropy  torque.  In  the  following,  we  will  address  this  configuration. 

Let  us  give  an  example  of  how  a  precessional  strategy  could  be  implemented  on  a 
nanostructure  of  perpendicular  anisotropy,  with  non-uniform  magnetization  at  equilibrium.  In  the 
Fig.  4  and  5,  we  report  the  calculated  time  evolution  of  <M>  in  a  system  comprising  a  high 
anisotropy  central  nanostructure  surrounded  by  a  peripheral  zone  (the  “matrix”)  of  weaker 
anisotropy.  The  fabrication  of  such  a  device  will  be  discussed  in  §II.E. 

The  central  128x64  nm2  area  possesses  a  high  perpendicular  anisotropy 
(K=1.45xl06  J/m3,  po(Hk-Ms)=  250  mT)  while  the  complement  of  the  256x128  nm2  rectangle 
(the  matrix)  has  a  smaller  anisotropy  (K=7.25xl05  J/m3,  (p0(HK-Ms)=  -770  mT).  Magnetization 
is  everywhere  goMs=1.79  T.  The  easy  axis  is  thus  perpendicular  to  the  film  plane  in  the  center  of 
the  cell,  whereas  shape  anisotropy  dominates  in  the  surrounding  matrix.  The  rectangular  shape 
creates  a  S-like  state  [11]  with  an  in-plane  remanence  mainly  along  the  easy  axis  (Figure  5 A).  A 
domain  wall  separates  the  central  part  and  the  matrix.  Because  the  matrix  and  the  central  part  are 
exchange  coupled  through  this  wall,  the  central  part  feels  an  in-plane  exchange  field,  which 
slightly  tilts  its  magnetization  away  from  the  magneto-crystalline  anisotropy  axis  (z).  With  the 
parameters  above  the  tilt  angle  is  only  1  ldeg.  in  the  center. 

We  assume  a  film  thickness  of  14A,  a  damping  constant  a^0.2  [19],  and  an  exchange 
stiffness  of  3x1 011  J/m.  Such  parameters  are  compatible  with  those  of  Pt/Co/Pt  sandwiches.  At 
t  =  0+,  a  150  mT  field  step  is  applied  along  the  long  axis  (x)  of  the  platelet.  This  field  is  parallel 
to  the  magnetization  of  the  matrix,  such  that  M  will  not  evolve  much  in  the  matrix. 

On  the  contrary,  the  precession  induced  by  the  Zeeman  torque  inside  the  central  zone 
extracts  its  magnetization  out  of  the  (xz)  plane. 
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Figure  4  :  Micromagnetic  simulation  of  the  precessional  switching  trajectory  of  a  system 
comprising  a  128x64  nm2  high  anisotropy  (K=1.45xl06  J/m3)  nanostructure  embedded  in  the 
middle  of  a  256x128  nm2  rectangle  platelet  with  half  anisotropy.  Saturation  magnetization  is 
1.79  T,  film  thickness  is  1.4  nm.  (A):  X  and  Y  components  of  the  mean  magnetization.  (B):  Z 
component  of  the  mean  magnetization  The  150  mT  field  pulse  is  stopped  at  72  ps  (after  a  90° 
precession)  in  the  curves  with  cross  points,  at  131  ps  (after  a  180°  precession)  in  the  curves 
with  circular  points,  and  is  never  stopped  in  the  full  line  curves. 

My  grows  first  (Figure  5B)  at  the  expense  of  Mz,  and  then  the  precession  sends  M  towards  the 
platelet  plane.  At  t=72  ps,  the  mean  magnetization  lies  in  the  platelet  plane  (Figure  4):  M  has 
undergone  a  k! 2  precession  around  the  (x)  axis.  The  precession  is  quicker  in  the  domain  wall, 
where  the  exchange  torque  is  maximum,  such  that  the  z-component  reverses  first  near  the  initial 
domain  wall  position  (Figure  5C).  This  is  further  favored  at  die  left  and  right  domain  walls 
surrounding  the  central  part  because  there,  an  extra  in-plane  dipolar  field  along  (x)  is  (constantly) 
generated  by  the  matrix. 

At  t=72  ps,  the  anisotropy  field  is  zero,  such  that  the  precession  speed  comes  solely  from 
the  weak  external  field  and  the  exchange  field.  Note  that  this  exchange  field  comes  only  from  the 
y-component  of  M  and  so  is  weaker  than  initially.  This  slows  down  the  magnetization  evolution, 
which  corresponds  to  the  inflexion  point  at  <Mz(t)>=0  (Figure  4B,  t  =  72  ps,  full  line  curve). 

Three  scenarii  can  then  be  chosen: 

(i)  If  the  external  field  is  maintained,  the  magnetization  in  the  central  part  has  fully 
switched  after  131  ps  (Figure  5D).  A  small  ringing  persists  for  some  100  ps  longer  (Figure  4), 
and  the  final  state  in  constant  applied  field  has  negative  Mz  component,  but  My  is  zero  (Figure 
5E).  If  the  field  is  removed  at  t »  1  ns  (not  shown),  the  system  may  evolve  to  any  of  the  two  S- 
states  (My  positive  of  negative)  that  are  degenerate  in  energy.  A  crucial  point  is  that  the  applied 
field  is  not  strong  enough  to  force  the  magnetization  of  the  central  part  of  the  structure  to  be  in 
the  plane.  This  means  that,  as  for  the  soft  elements,  switching  can  be  obtained  with  fields  smaller 
than  the  one  obtained  for  a  Stoner- Wohlfarth  switching  mechanism,  at  least  within  our  scheme. 

(ii)  The  post-reversal  ringing  can  be  avoided  if  the  field  is  switched  off  at  t  -  13 1  ps,  i.e. 
after  a  n  precession  about  the  (x)  axis.  In  that  case,  the  pulse  duration  is  matched  to  the  first 
harmonic  of  the  switching  characteristic  frequency,  and  ballistic  switching  is  achieved.  The  final 
S-state  of  the  matrix  has  the  same  chirality  as  the  initial  S-state,  so  the  reversal  is  reversible. 

(iii)  In  fact,  the  applied  field  can  be  already  switched  off  at  <Mz(t)>=0,  i.e.  at  t  =  72  ps. 
The  precession  about  the  (x)  axis  continues,  but  the  torque  is  solely  due  to  the  exchange  field, 
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which  is  reduced  compared  to  its  initial  value.  The  long-term  (t  >  500  ps)  equilibrium  state  is  the 
reversed  magnetization  state  in  the  central  high  anisotropy  area,  and  the  initial  S- state  in  the 
matrix.  Meanwhile,  a  significant  ringing  of  Mx  and  My  is  present  (Figure  5F)  during  the  slow, 
more  regular  evolution  of  Mz  towards  the  reversed  equilibrium  state  (Mz<0). 

II.D.  Discussion 

As  formerly  done  for  the  soft  elements,  basic  analytical  considerations  can  give  some 
useful  insight  into  the  critical  parameters. 

1.  Requirements  on  the  equilibrium, exchangee  field 

Let's  first  discuss  the  configuration  of  Fig.3.  The  field  pushes  initially  (as  t «  1/yoH)  the 
magnetization  out  of  the  film  plane  at  a  rate  My(t)  =  y  Ms.H.sin<t>  t  (step  2  of  Fig.3).  Then,  the 
effective  field  bents  this  movement.  The  projections  of  Eq.l  on  the  (x)  and  (z)  axes  give: 

Mz(t)  -  M°z  =  -A  ye2  MS.H.  t2.(H+Hx).sin<|>  (8) 

Mx(t)  -  M°x  -  «/2  ye2  MS.H.  t2.(HK-Ms).sin<|>  (9) 

In  order  to  initiate  a  precession  around  (x),  and  not  (z),  we  need  to  have: 

(M°z-Mz(t))  >  (MV  Mx(t)),  i.e.  (H+Hx)  »  (Hk-Ms).  So  precessional  switching  may  be 
achieved  for  moderate  field  H  only  if  much  energy  is  stored  in  Hx,  i.e.  in  the  exchange  energy. 

In  the  geometry  of  figure  3,  the  best  compromise  between  large  Mz  signal  (e.g.  for  a 
recording  application),  and  cost  in  applied  field  H,  is  thus  near  Hx  *  (Hk  -  Ms)/2,  which  gives  a 
tilt  angle  <|>0  at  rest  around  45  degrees.  This  is  exactly  the  order  of  magnitude  of  Hx  that  we  had 
proposed  without  justification  in  §II-A  and  §II-B. 

For  the  configuration  of  figure  5  and  §11-C,  the  condition  equivalent  to  H+Hx  ^  (Hk-Ms) 
at  moderate  fields  H  is  that  the  central  area  should  not  be  much  greater  than  the  Bloch  domain 
wall  width,  where  exchange  energy  is  stored.  This  is  the  case  with  our  parameters,  and  one 
advantage  of  this  geometry  compared  to  that  of  figure  3  is  that  the  central  part  can  still  remain 
nearly  perpendicularly  magnetized  at  rest.  However,  the  reversal  will  be  initially  more  efficient 
inside  the  domain  wall  (see  Figure  5C),  where  the  exchange  field  is  maximal. 

2 .  Conj  ecture  on  the  switching,  time 

In  contrast  to  soft  systems  (I.C.l),  an  analytical  estimate  of  switching  time  for  high 
anisotropy  systems  may  not  be  derived  from  simple  energy  considerations.  The  energy  loss  rate 
is  too  high  in  hard  materials  for  energy  conservation  considerations  to  reasonably  apply. 

In  addition,  the  remaining  part  of  the  initial  Zeemann  energy  does  not  flow  solely  in  the 
exchange  energy  but  rather  shares  itself  towards  exchange  and  anisotropy  energies,  such  that  the 
exchange  torque  when  Mz(t)=0  may  only  be  calculated  through  full  micromagnetic  simulations. 

As  done  in  §I.C.l,  it  is  worth  studying  magnetization  fluctuations  around  the 
micromagnetic  state  of  Figure  5E,  i.e.  long  after  the  onset  of  a  Heavyside  step  external  field 
satisfying  H+Hx  >  HK-Ms  and  thus  aligning  the  magnetization  in  the  (x)  direction. 

Again,  the  long  term  UP  mode  has  a  frequency  which  scales  roughly  with 
y„V(w  +  HX  ~{Hk  -Ms)Xh  +  Hx)  or  equivalently  y^(H-(HK-Ms)l2\HK -Ms),  for 
the  optimal  "signal  to  speed"  compromise.  We  anticipate  that  the  characteristic  reversal  time  is 
related  to  the  latter  frequency.  Further  calculations  are  in  progress  to  confirm  this  point. 
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Figure  5  :  Snapshots  of  the  time-evolution  of  magnetization  during  precessional  switching  of 
the  nanostructure  defined  in  the  text.  The  arrows  stand  for  in  the  in-plane  magnetization.  The 
circles  or  the  crosses  have  sizes  proportional  to  the  out-of-plane  (z)  component  of  the 
magnetization  (crosses  for  Mz  >  0).  (A)  is  the  equilibrium  state:  the  central,  high  anisotropy 
area  has  upwards  perpendicular  magnetization.  The  surrounding’s  magnetization  points  to  the 
right.  An  in-plane  150  mT  field  along  the  long  axis  of  the  cell  is  applied  on  state  A.  States  B, 

C,  D  and  E  are  respectively  snapshots  after  60  ps,  72  ps,  (tc/2  precession  angle),  132  ps  (n 
precession  angle)  and  1  ns  (equilibrium  state  in  constant  applied  field).  State  F  is  the  relaxed 
state  after  300  ps,  obtained  if  the  field  is  suppressed  72  ps  after  its  onset. 

II.E.  Possible  fabrication  routes 

One  way  to  fabricate  the  nanostructure  of  Figure  5  A  is  to  use  light  ion  irradiation 
patterning  [10]  on  a  system  with  initial  perpendicular  anisotropy.  For  instance,  30  keV  He+  ion 
irradiation  of  Co-Pt  multilayers  with  perpendicular  magnetization  easy  axis  was  shown  to  be  a 
powerful  tool  to  tune  their  magnetic  anisotropy.  In  these  materials,  ion-mixing  at  the  Co/Pt 
interfaces  gradually  reduces  the  magnetic  anisotropy  energy  in  a  controlled  way,  which  first 
lowers  die  coercive  force,  then  triggers  an  in-plane  reorientation  of  the  magnetization  easy  axis. 
Embedded  hard  magnetic  nanostructures  as  small  as  30  nm  were  demonstrated  when  the 
irradiation  is  performed  through  a  mask  directly  patterned  on  the  sample  surface  [20]. 


198 


B 


Figure  6  :  Optical  micrographs  of  prototype  devices  designed  for  broadband  measurements  of 
the  precessional  switching  of  a  nanostructure  with  perpendicular  anisotropy.  (A)  global 
2x1 .5  mm2  view  of  the  circuit.  (B)  Zoomed  200x150pm2  image:  magnetic  Hall  cross  with  500 
nm  wide  arms  located  above  the  4pm  wide  stripeline  used  to  generate  the  field  pulse.  The  faintly 
visible  100x1 00pm2  square  is  a  silica  layer  isolating  the  Hall  cross  from  the  pulse  line. 


One  weakness  of  this  approach  is  the  intrinsically  non-abrupt  character  of  the  transition 
between  in  plane  and  perpendicular  magnetized  areas.  The  transition  width  is  comparable  to  a 
domain  wall  width,  which  will  reduce  the  amount  of  exchange  energy  stored.  Potentially  more 
abrupt  anisotropy  transitions  may  be  obtained  following  the  technique  developed  in  ref.  [21]. 
The  technology  to  fabricate  the  device  studied  in  §II.C  is  thus  certainly  available. 

Prototype  devices  are  shown  in  Figure  6.  The  nanostructure  will  be  irradiation-fabricated 
at  the  center  of  a  Hall  cross  structure  (Figure  6B),  contacted  to  4  coplanar  stripes  designed  for 
Extraordinary  Hall  Effect  measurement.  The  Hall  cross  is  a  Co/Pt  multilayer  with  perpendicular 
magnetic  anisotropy.  The  diagonal  arms  serve  as  DC  current  injection  arms  while  the  50  pm 
wide  vertical  arms  are  50  Q  coplanar  waveguides  that  serve  for  the  high  frequency  Hall  voltage 
measurement.  This  cross  is  located  above  another  4pm  wide  coplanar  waveguide  that  generates 
the  fast  rising  in-plane  magnetic  field  pulse.  This  pulse  line  is  electrically  isolated  from  the 
magnetic  Hall  cross  by  a  silica  layer  (Figure  6B).  First  electrical  characterizations  indicate 
sufficient  signal/noise  ratio  for  high  frequency  magnetization  dynamics  measurement. 


CONCLUSION 


Through  the  derivation  of  approximate  analytical  expressions  we  have  discussed  the 
precessional  switching  of  magnetization  in  soft  and  hard  (perpendicularly  magnetized) 
nanoplatelets.  Fast,  energy  cost-efficient  precessional  switching  was  recently  demonstrated  in 
soft  platelets  [9,  11],  and  a  similar  result  for  hard  platelets  would  be  of  high  interest  for 
application  to  for  instance  perpendicular  hard  disk  recording.  It  may  also  become  a  crucial  issue 
for  the  future  of  M-RAM  technology,  when  largely  sub- 100  nm  sizes  will  require  high  magnetic 
anisotropy  to  ensure  thermal  stability. 

The  main  differences  between  soft  and  hard  platelets  lies  in  their  damping  coefficient  a, 
and  their  effective  field  H°cff  near  the  stable  equilibrium  position.  In  soft  platelets,  a  and  H°cff  are 
weak,  and  H°eff  furthermore  shows  a  strong  easy  plane  symmetry.  This  enables  fast  (-150  ps) 
precessional  reversal  in  moderate  in-plane  transverse  applied  fields. 

On  the  contrary,  hard  platelets  exhibit  strong  H°cff,  with  nearly  cylindrical  symmetry 
around  the  perpendicular  axis,  together  with  a  strong  damping.  So  pumping  of  precessional 
modes  will  require  high  in-plane  fields.  We  have  shown  that  it  is  possible  to  bend  this  issue  by 
adding  and  extra  in-plane  field  Hx  that  breaks  the  cylindrical  symmetry  of  H°eff.  We  have  further 
shown  that  Hx  can  be  of  exchange  origin,  and  proposed  a  numerical  example  of  realization,  that 


could  be  experimentally  implemented.  High  reversal  speeds  can  be  expected,  at  fields  as  low  as 
half  of  the  perpendicular  anisotropy  field. 

However,  although  in  this  paper  we  have  restricted  our  discussion  to  exchange  fields,  we 
want  to  stress  that  the  main  concept  of  breaking  the  circular  symmetry  of  a  strong  perpendicular 
anisotropy,  in  order  to  enable  processional  switching  in  moderate  in  plane  fields,  holds  a  much 
more  general  validity.  A  similar  effect  could  be  obtained  for  instance  with  a  tilted  anisotropy 
axis,  although  analytical  expressions  would  be  slightly  different  because  of  the  different 
dependences  in  M  orientation  for  Zeeman  and  anisotropy  energies.  A  more  elaborate  treatment 
of  these  effects  will  be  published  in  a  forthcoming  paper. 

ACKNOWLEDGEMENTS: 

The  authors  wish  to  thank  Jacques  Miltat  and  Harry  Bemas  for  enlighting  discussions.  The  work 
was  supported  in  part  by  the  NEDO  contract  "Nanopattemed  magnets". 

REFERENCES 

1 .  Spin  Dynamics  in  Confined  Magnetic  Structures,  B.  Hillebrands  and  K.  Ounadiela  (Springer 
Berlin,  2001). 

2.  B.  C.  Choi  et  al„  Phys.  Rev.  Lett.  86,  728  (2001)  ;  W.  K.  Hiebert,  G.  E.  Ballentine,  and  M.  R. 
Freeman,  Phys.  Rev.  B  65,  140404(R)  (2002) 

3.  R.  H.  Koch  et  al.,  Phys.  Rev.  Lett.  81,  45 12  (1998) 

4.  L.  Landau,  E.  Lifshitz,  Phys.  Z  Sowjetunion  8,  153  (1953);  T.L.  Gilbert,  Phys.  Rev.  100,  1243 
(1955). 

5.  Classical  and  quantum  magnetization  reversal  studied  in  nanometer-sized  particles  and 
clusters  ",  W.  Wemsdorfer.  To  be  publ.  in  Advances  in  Chemical  Physics  (Wiley  Ed.),  2003. 

6.  Th.  Gerrits,  H.  A.  M.  Van  Den  Berg,  J.  Hohlfeld,  L.  Bar,  Th.  Rasing,  Nat.  418,  6897  (2002) 

7.  H.W.  Schumacher,  C.  Chappert,  P.  Crozat,  R.  C.  Sousa,  P.  P.  Freitas,  J.  Miltat,  J.  Fassbender, 
and  B.  Hillebrands,  Phys.  Rev.  Lett.  90(1),  017201  (2003). 

8.  S.  Kaka  and  S.  E.  Russek,  Appl.  Phys.  Lett.  80,  2958  (2002). 

9.  H.W.  Schumacher,  C.  Chappert,  R.  C.  Sousa,  P.  P.  Freitas,  and  J.  Miltat,  Phvs.  Rev.  Lett. 
90(1)  017204  (2003). 

10.  C.  Chappert,  H.  Bemas,  J.  Ferre,  V.  Kottler,  J.P.  Jamet,  Y.  Chen,  E.  Cambril,  T.  Devolder,  F. 
Rousseaux,  V.  Mathet  and  H.  Launois,  Science  280,  1 9 1 9  ( 1 998). 

1 1 .  J.  Miltat,  G.  Aburquerque  and  A.  Thiaville  in  Spin  Dynamics  in  Confined  Magnetic 
Structures,  edited  by  B.  Hillebrands  and  K.  Ounadjela  (Springer,  Berlin,  2001). 

12.  M.  Bauer  et  al.,  Phys.  Rev.  B  61(5)  p3410  (2000) 

13.  Schumacher  et  al.,  Appl.  Phys.  Letters  80,  3781  (2002) 

14.  C.  Kittel,  Introduction  to  Solid  State  Physics,  5th  ed.,  Wiley,  New  York,  1976. 

15.  E.  tC.  tStoner  tand  tE.  tP.  tWohlfarth,  Philos.  Trans.  R.  Soc.  London,  Ser.  A  240,  599  (1948) 

16.  C-R.  chang,  J-S.  Yang,  Phys.  Rev.  B  54(17)  ppl  1957  (1996). 

17.  “Magnetization  precession  in  confined  geometry  :  physical  and  numerical  aspects”.  PhD 
thesis  of  Gonfalo  M.  B.  Albuquerque,  Orsay,  July  2002. 

18.  S.  Maat,  K.  Takano,  S.S.P.  Parkin,  E.E.  Fulertton,  Phys.  Rev.  Lett.  87(8),  087202(2001) 

19.  Wall  mobilities  in  similar  Pt/Co  systems  gave  a=0.2.  S.  Lemerle,  private  communication. 

20.  T.  Devolder  et  al.,  Appl.  Phys.  Lett.  74, 22,  p3383  (1999) 

21.  S.P.  Li,  W.S.  Lew,  J.A.C.  Bland,  L.  Lopez-Diaz,  C.A.F  Liaz,  M.  Natali,  Y.  Chen,  Phys.  Rev. 
Lett.  88(8),  087202  (2002). 


200 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  746  ©  2003  Materials  Research  Society 


Q4.4 


Inert  Gas  Condensation  of  Iron  and  Iron-Oxide  Nanoparticles 

C.  Baker,1  S.  Ismat  Shah,1,3,4  S.K.  Hasanain,2  B.  Ali,2  L.  Shah,2 
G.  Li,3  T.  Ekiert,3  and  K.M.  Unruh3 

(1)  Department  of  Materials  Science  and  Engineering,  University  of  Delaware,  Newark,  DE 

(2)  Department  of  Physics,  Quaid-i-Azam  University,  Islamabad,  Pakistan 

(3)  Department  of  Physics  and  Astronomy,  University  of  Delaware,  Newark,  DE 

(4)  Fraunhofer  Center  for  Manufacturing  and  Advanced  Materials,  Newark,  DE 


Abstract 

An  inert  gas  condensation  technique  has  been  used  to  prepare  nanometer-sized  particles  of 
metallic  iron  by  evaporation  and  agglomeration  in  a  flowing  inert  gas  stream.  The  resulting  Fe 
nanoparticles  were  protected  from  complete  oxidation  either  by  the  formation  of  a  thin  Fe-oxide 
surface  passivation  layer  or  by  immersion  in  an  oil  bath.  X-ray  diffraction  and  transmission  elec¬ 
tron  microscopy  measurements  indicated  that  the  nanoparticles  were  typically  between  10  and  20 
nm  in  size,  that  the  thickness  of  the  Fe-oxide  surface  passivation  layer  was  between  3  and  4  nm, 
and  that  the  oil  immersed  samples  exhibited  a  significant  smaller  volume  fraction  of  Fe-oxides 
than  did  the  surface  passivated  samples.  Room  temperature  magnetization  measurements  were 
also  carried  out  and  the  coercivity  and  saturation  magnetization  of  the  surface  passivated  and  oil 
immersed  samples  determined.  Although  the  coercivities  and  saturation  magnetization  values  of 
both  samples  were  very  similar,  the  Fe/Fe-oxide  samples  exhibited  a  single  component  hysteresis 
loop  while  the  Fe/oil  samples  exhibited  a  two  component  loop. 


Introduction 

Nanometer-sized  Fe  particles  are  pyrophoric  and  therefore  must  be  protected  from  complete 
oxidation  if  they  are  to  be  exposed  to  atmospheric  oxygen.  The  most  common  passivation  pro¬ 
cedure  has  been  to  form  an  Fe-oxide  surface  layer  by  slowly  exposing  the  as-prepare  nanoparti¬ 
cles  to  an  oxygen  containing  environment.1  Because  the  Fe-oxides  are  either  antiferromagnetic 
(FeO,  a-Fe2C>3)  or  ferrimagnetic  (y-Fe203,  Fe304),2  however,  the  physical  and  chemical  proper¬ 
ties  of  these  Fe/Fe-oxide  nanoparticles  reflect  not  only  the  properties  of  the  Fe  core  but  the 
properties  of  the  passivation  layer  as  well.  For  example,  the  hysteresis  loops  of  these 
nanoparticles  have  often  been  observed  to  be  shifted  with  respect  to  zero  applied  field  when  field 
cooled  through  the  N£el  temperature  of  the  surface  oxide  due  to  an  exchange  coupling  between 
the  ferromagnetic  core  and  the  antiferromagnetic  (or  ferrimagnetic)  surface  oxide.3 

Greater  insight  into  the  effects  of  finite  size  on  the  magnetic  properties  of  small  Fe  particles, 
without  the  added  complication  of  a  core/shell  exchange  coupling,  could  be  obtained  by  the 
study  of  particles  passivated  by  a  non-magnetic  surface  layer.  Several  schemes  for  achieving 
this  have  been  reported  in  the  literature  including,  for  example,  various  chemical  and  physical 
methods  for  producing  C,  Si02,  and  Au  coatings.4'6  An  alternative  approach  involves  immersing 
the  Fe  nanoparticles  into  an  oil  prior  to  their  exposure  to  air.  This  procedure  does  not  result  in 
the  formation  of  a  passivation  layer  per  se,  but  does  allow  the  Fe/oil  mixture  to  be  handled  in 
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ambient  air  without  significant  oxidation.  This  approach  not  only  has  the  advantage  of  simplic¬ 
ity  (no  subsequent  processing  steps  other  than  immersion  are  required)  but  also  results  in  mini¬ 
mal  structural  distortion  of  the  nanoparticle  surface. 

The  primary  motivation  for  this  work  was  to  compare  the  structural  and  magnetic  properties 
of  two  sets  of  Fe  nanoparticles  that  differed  only  in  the  manner  in  which  they  were  protected 
from  oxidation.  By  comparing  the  magnetic  properties  of  nanometer-sized  Fe  particles  pas¬ 
sivated  with  an  Fe-oxide  to  those  without  a  surface  oxide  (or  at  least  a  minimal  amount  of  oxide) 
our  goal  was  to  gain  a  better  understanding  of  the  conditions  required  for  the  study  of  homoge¬ 
neous,  ferromagnetic  Fe  nanoparticles. 

Experimental 

All  of  the  Fe  nanoparticles  studied  in  this  work  were  prepared  by  an  inert  gas  condensation 
(ICG)  technique.7  The  procedure  consisted  of  continuously  feeding  a  high  purity  Fe  wire  toward 
a  resistively  heated  A1203  coated  W  boat  where  it  melted  and  evaporated.  The  resulting  Fe  vapor 
was  entrained  and  cooled  in  a  flowing  stream  of  He  gas  where  individual  Fe  atoms  coalesced 
into  small  particles.  These  particles  were  deposited  on  a  filter  from  which  they  were  occasion¬ 
ally  dislodged  and  collected  in  a  removable  container  mounted  to  the  bottom  of  the  vacuum 
chamber.  Fe/Fe-oxide  nanoparticles  were  prepared  by  slowly  exposing  the  collected  Fe  nanopar¬ 
ticles  to  a  reduced  pressure  of  atmospheric  oxygen.  Fe/oil  samples  were  prepared  by  filling  the 
collection  container  with  vacuum  pump  oil  and  allowing  the  as-prepared  Fe  nanoparticles  to  set¬ 
tle  into  the  oil  as  they  were  collected.  In  the  latter  instance,  the  oil  immersed  nanoparticles  were 
subsequently  filtered  of  excess  oil  to  leave  a  thick  Fe/oil  residue. 

The  structure  of  both  the  Fe/Fe-oxide  and  Fe/oil  samples  was  studied  by  x-ray  diffraction 
(XRD)  and  transmission  electron  microscopy  (TEM).  In  the  former  case,  diffraction  patterns 
were  fit  to  a  sum  of  two  asymmetric  Pearson  VII  functions  representing  the  Cu  Kai  and  Cu 
components  of  the  incident  radiation.  The  resulting  angular  positions  were  used  to  obtain  a  best 
fit  estimate  of  the  lattice  parameter  while  the  width  of  the  Fe  (1 10)  diffraction  peak  was  used,  in 
conjunction  with  the  Scherrer  formula,  to  estimate  the  mean  particle  size  (after  subtracting  the 
measured  natural  line  width  in  quadrature).  Transmission  electron  microscopy  samples  were 
prepared  by  suspending  a  small  quantity  of  the  Fe  nanoparticles  in  a  volatile  solvent,  placing  a 
small  droplet  onto  a  TEM  grid,  and  allowing  the  solvent  to  evaporate.  Both  low  magnification 
images  and  high  magnification  lattice  images  were  obtained. 

Magnetic  properties  measurements  were  carried  out  on  disk  shaped  samples  4  mm  in  diame¬ 
ter  and  approximately  0.5  mm  in  thickness.  A  vibrating  sample  magnetometer  (VSM)  was  used 
to  measure  the  sample  magnetization  as  a  function  of  the  applied  field.  The  maximum  applied 
field  was  1 1  kOe  and  the  law  of  approach  to  saturation  was  used  to  extrapolate  the  high  field 
magnetization  to  its  saturation  value.8 

The  mass  of  the  Fe  nanoparticles  in  the  Fe/oil  samples  was  estimated  based  on  the  results  of 
a  series  of  XRD  measurements  on  Fe/oil  samples  prepared  from  known  amounts  of  (bulk)  Fe 
powder  mixed  with  the  same  oil  used  to  protect  the  ICG  prepared  Fe  samples.  Fits  to  these  data 
allowed  a  plot  of  the  ratio  of  the  Fe  (1 10)  peak  area  to  the  sum  of  the  areas  of  the  Fe  (1 10)  peak 
and  the  broad  low  angle  oil  scattering  peak  (see  Fig.  1)  as  a  function  of  the  corresponding  mass 
ratio  to  be  constructed.  A  linear  fit  to  these  data  (constrained  to  contain  the  origin)  determined 
the  proportionality  constant  between  the  peak  areas  and  the  mass  ratios.  This  proportionality 
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Figure  1:  XRD  patterns  of  Fe/Fe-oxide  (left)  and  Fe/oil  (right)  samples.  The  solid  lines  are  best  fits  to  the  data 
and  the  Miller  indices  of  the  metallic  Fe  phase  have  been  indicated.  The  scattering  peaks  indicated  by  solid 
arrows  probably  correspond  to  y-FejOa  as  discussed  in  the  text  and  the  broad  scattering  peak  indicated  by  a 
broken  arrow  in  the  Fe/oil  sample  arises  from  the  oil. 

constant  was  then  used,  in  conjunction  with  the  known  total  sample  mass,  to  estimate  the  actual 
mass  of  the  Fe  nanoparticles  in  the  Fe/oil  samples. 


Results  and  Discussion 


Figure  1  shows  typical  XRD  scattering  patterns  of  Fe/Fe-oxide  and  Fe/oil  samples,  as  well  as 
the  corresponding  fits  to  the  data.  In  both  case  the  most  intense  scattering  peaks  arise  from  me¬ 
tallic  Fe  (indicated  by  their  Miller  indices)  while  the  less  intense  peaks  (indicated  by  solid  ar¬ 
rows)  probably  arise  from  cubic  y-Fe203  although  the  cubic  spinel  Fe3C>4  has  a  similar  lattice  pa¬ 
rameter.  The  broad  scattering  peak  centered  at  about  18  degrees  (indicated  by  the  broken  arrow) 
in  the  Fe/oil  sample  arises  from  the  oil  used  to  protect  the  Fe  nanoparticles.  The  best  fit  Fe  lat¬ 
tice  parameters  of  these  two  samples  were  a-0. 28707(3)  nm  and  a -028682(3)  nm ,  respectively, 
for  the  Fe/Fe-oxide  and  Fe/oil  samples;  both  of  these  values  are  slightly  larger  than  the  reported 
lattice  parameter  of  bulk  Fe  (a =028664  nm)  and  may  reflect  some  degree  of  oxygen  incorpora¬ 
tion  into  the  Fe  core.9  Likewise,  the  effective  lattice  parameter  of  the  y-Fe203  phase  was  deter¬ 
mined  to  be  a =0.835(4)  nm  and  a=0. 834(4)  nm ,  consistent  with  the  previously  reported  value  of 
a=0.8346  nm  (the  lattice  parameter  of  Fe3C>4  is  a=0.8396  nm).10  The  corresponding  Fe  diame¬ 
ters  of  the  Fe  particle  cores  were  D=10.8(3 )  nm  and  D=162  nm.  Based  on  a  comparison  of  the 
area  of  the  Fe  (1 10)  scattering  peak  to  that  of  the  most  intense  y-Fe203  peak,  the  Fe/oil  sample 
contains  between  4  and  5  times  less  Fe-oxide  than  does  the  Fe/Fe-oxide  sample. 

Figure  2  shows  a  high  magnification  TEM  lattice  image  taken  from  the  Fe/Fe-oxide  sample 
as  well  as  a  lower  magnification  image  taken  from  an  Fe/oil  sample  (higher  magnification  im¬ 
ages  were  not  taken  because  of  the  potential  for  contaminating  the  TEM  sample  space).  For  the 
Fe/Fe-oxide  sample,  it  can  be  seen  that  the  oxide  layer  surrounding  the  Fe  is  approximately  3-4 
nm  thick,  and  is  crystalline  in  nature.  The  mean  particle  sizes  estimated  from  the  TEM  images 
were  in  reasonable  agreement  with  the  corresponding  values  obtained  from  the  Scherrer  analysis 
of  the  XRD  peak  widths. 

Figure  3  shows  the  room  temperature  hysteresis  loops  for  the  Fe/Fe-oxide  and  Fe/oil  sam¬ 
ples.  The  hysteresis  loop  of  the  Fe/Fe-oxide  sample  is  characteristic  of  a  single  magnetic  phase 
and  exhibits  a  coercivity  of  Hc~529  Oe  while  the  Fe/oil  loop  clearly  exhibits  two  magnetic 
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Figure  2:  High  resolution  lattice  image  of  Fe/Fe-oxide  particle  (left)  and  a  low  resolution  image  of  Fe/oil 
coated  particles.  The  particles  shown  in  these  images  are  not  representative  of  average  sized  particles.  Note 
the  presence  of  the  crystalline  passivation  layer  surrounding  the  Fe  core  in  the  Fe/Fe-oxide  image. 
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Figure  3:  Room  temperature  hysteresis  loops  of  Fe/Fe-oxide  (left)  and  Fe/oil  (right)  samples.  The  saturation 
magnetization  was  determined  based  on  an  If2  extrapolation  of  the  measured  high  field  magnetization  using 
the  total  measured  sample  mass  in  the  case  of  the  Fe/Fe-oxide  sample  and  the  corrected  sample  mass  as  de¬ 
scribed  in  the  text  in  the  case  of  the  Fe/oil  sample. 


components  and  a  slightly  larger  coercivity  of  Hc=549  Oe.  The  saturation  magnetization  of  both 
samples  was  estimated  using  the  law  of  approach  to  saturation  taking  the  first  term  in  the  field 
dependent  magnetization  to  be  proportional  to  H  2.  Based  on  the  total  particle  mass,  this  proce¬ 
dure  yielded  a  saturation  magnetization  of  Ms=57  emu/g  for  the  Fe/Fe-oxide  sample  and  Ms-45 
emu/g  for  the  Fe/oil  sample  (after  correcting  the  total  sample  mass  for  the  oil  contribution  as  de¬ 
scribed  above).  Given  the  uncertainties  in  correcting  for  the  oil  mass  in  the  Fe/oil  samples,  the 
difference  between  the  saturation  magnetization  values  of  the  Fe/Fe-oxide  and  Fe/oil  samples  is 
probably  not  significant.  A  more  detailed  analysis  of  the  magnetization  would  require  additional 
information  as  to  the  amount,  density,  and  specific  magnetizations  of  the  individual  Fe-oxide  and 
Fe  phases. 

The  Fe/oil  samples  contain  less  Fe-oxide  per  particle  and  one  might  have  expected  the  mag¬ 
netic  properties  of  these  particles  to  be  less  reflective  of  a  two  phase  system  (i.e.  an  Fe-oxide  sur¬ 
face  layer  and  an  Fe  core)  and  more  reflective  of  nanometer-sized  ferromagnetic  Fe.  Although 
the  magnetic  data  shown  in  Fig.  3b  provides  some  support  for  this  expectation  in  the  form  of  a 
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two  component  hysteresis  loop,  the  coercivity  and  saturation  magnetization  values  indicate  a 
similar  magnetic  structure.  In  particular,  the  fact  that  the  observed  coercivity  is  significantly  lar¬ 
ger  than  the  value  H^0.64Ki/M^177  Oe  predicted  by  the  simple  S toner- Wohlfarth  magnetiza¬ 
tion  reversal  model  for  a  collection  of  randomly  oriented  single  domain  particles,  assuming  that 
the  magnetocrystalline  anisotropy  and  saturation  magnetization  for  a  nanometer-sized  Fe  particle 
assume  their  bulk  values  of  Kp^6  x  104  ergs/g  and  M^217  emulg,u  suggests  that  both  sets  of 
samples  are  exchange  coupled.  Further  evidence  for  an  exchange  coupled  structure  comes  from 
an  estimate  of  the  effective  magnetic  anisotropy  based  on  the  law  of  approach  to  saturation.  By 
fitting  high  field  plots  of  MfH)  vs  IT2,  or  equivalently  plots  of  x  vs  n,  very  similar  values  of 
Kefj{cukic)~2 .3  x  1 05  erg/g  or  K^unixialfc]  .2  x  ltferglg  were  obtained  for  the  Fe/Fe-oxide  and 
Fe/oil  samples  based  on  the  assumption  of  either  a  cubic  or  a  uniaxial  anisotropy.  Both  values 
are  significantly  larger  than  the  (cubic)  anisotropy  of  bulk  Fe. 

Summary  and  Conclusion 

We  have  developed  a  process  in  which  Fe  nanoparticles  are  synthesized  by  an  IGC  technique 
and  protected  from  complete  oxidation  either  by  the  formation  of  an  Fe-oxide  surface  layer  or  by 
immersion  in  an  oil.  The  magnetic  behavior  of  the  Fe/Fe-oxide  and  Fe/oil  nanoparticles  pre¬ 
pared  in  this  way  were  then  compared.  Hysteresis  loop  measurements  indicate  that  the  presence 
of  the  Fe-oxide  surface  layer  results  in  an  exchange  coupling  between  the  surface  moments  and 
the  moments  of  the  entire  Fe  core  in  both  samples,  despite  the  significantly  smaller  amount  of 
Fe-oxide  present  in  the  Fe/oil  samples. 
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ABSTRACT 

Chemically  functional  magnetic  nanoparticles,  comprised  of  an  Fe  core  encased  in  a  thin  Au 
shell,  have  been  prepared  by  sequential  high  temperature  decomposition  of  organometallic 
compounds  in  a  coordinating  solvent.  A  novel  approach  to  encapsulate  the  Fe  core  in  Au  has 
been  developed.  TEM  analysis  confirms  that  the  nanoparticles  are  monodisperse  (-20%)  with 
average  diameters  of  8nm.  The  nanoparticles  were  subsequently  functionalized  with 
alkanethiolate  ligands,  which  prevent  aggregation,  enable  solubility  in  a  range  of  solvents  (both 
hydrophobic  and  hydrophilic),  and  permit  subsequent  derivatization  (e.g.,  via  ligand  exchange 
reactions).  The  functionalized  particles  are  characterized  using  high-resolution  transmission 
electron  microscopy  (HRTEM),  X-ray  powder  diffraction  (XRD)  and  ultraviolet-visible  (UV- 
Vis)  absorption  spectroscopy. 

We  have  utilized  place-exchange  to  impart  chemical  functionality  to  the  nanoparticles  by 
attaching  either  (1)  thiol-derivatized  redox  moieties  (e.g.,  ferrocene)  or  (2)  alkanethiols  with 
terminal  reactive  groups  such  as  alcohols,  amines  and  carboxylic  acids.  This  paper  presents  our 
preliminary  investigations  of  the  voltammetry  of  the  former  class  of  these  magnetic  core/shell 
nanoparticles. 


INTRODUCTION 

The  preparation  and  characterization  of  novel  nanometer  scale  materials  has  led  to  an 
exponential  increase  in  research  activity  concerned  with  examination  of  the  fundamental 
properties  and  potential  applications  of  these  materials.  Metal  nanoparticles,  for  example,  have 
been  applied  to  innovative  applications  ranging  from  electronics1  and  optics2  to  DNA  sensing3 
and  catalysis.4  The  utility  of  magnetic  nanoparticles  has  recently  been  described5  and 
demonstrated  in  a  few  cases  for  ultrahigh  density  information  data  storage,6  contrast  agents  in 
medical  imaging  technologies7,  and  ‘spintronics’8  (i.e.,  spin-based  data  transfer  and  storage). 
For  example,  Co  and  FePt  nanoparticles  have  been  shown  to  be  useful  for  the  preparation  of 
highly  ordered  three-dimensional  magnetic  superlattices.9  There  have  been  several 
demonstrations  of  the  preparation  of  magnetic  particles  in  the  10  nm  -  2  pm  diameter  range, 
comprised  of  either  metal-coated  polymeric  beads  or  polymer-coated  magnetic  particles,10 
which  typically  lack  chemical  functionality  (i.e.  synthetic  reactivity)  or  whose  electronic  or 
magnetic  properties  have  not  been  systematically  examined.  A  critical  need  remains  for  the 
synthetic  control  of  their  size  and  composition,  and  extension  of  these  materials  to  broader 
applications  requires  the  design  and  synthesis  of  chemically  functional  magnetic  nanoparticles. 

Several  strategies  have  been  developed  for  the  synthesis  of  magnetic  nanoparticles,  most 
notably  those  reported  by  Murray  et  al. ,  which  rely  on  the  thermal  decomposition  of  small 
organometallic  precursors  in  the  presence  of  stabilizing  ligands.1 1  Using  similar  methods, 


207 


bimetallic  particles  of,  for  example,  CoPt  and  FePt  have  been  created,  which  are  limited  almost 
exclusively  to  alloys.  Examples  of  non-alloyed,  heterometallic  nanoparticles  include  noble  metal 
core/shell  particles  synthesized  via  citrate  reduction12  and  semiconductor  core/semiconductor 
shell  materials.13  Shells  on  other  particles,  in  particular  magnetic  nanoparticles,  have  yet  to  be 
widely  reported.  We  have  developed  a  synthetic  strategy  that  relies  on  the  surface  passivation  of 
ferromagnetic  Fe  particles  with  a  shell  Au.  The  Au  shell  prevents  oxidation  of  the  Fe  core,  while 
facilitating  nanoparticle  functionalization  via  well-known  Au-thiol  coupling  chemistry.  In  this 
paper,  we  describe  a  route  for  the  creation  of  Fe/Au  core/shell  nanoparticles  by  the  high 
temperature  decomposition  of  Fe(CO)s,  followed  by  the  subsequent  addition  of  an  Au  shell  via  a 


transmetallation  reaction. 

Functionalization  of  nonmagnetic  nanoparticles  has  been  demonstrated  by  the  covalent 
attachment  of  protective  ligand  monolayers;  these  studies  have  primarily  investigated 
alkanethiolate  attachment  to  Au, 14  Ag,15  or  Pt16  metal  clusters,  although  many  additional 
ligands  have  been  utilized.  Importantly,  alkanethiolate  monolayers  (1)  prevent  irreversible 
particle  aggregation,  (2)  impart  solubility  in  solvents  of  varying  polarity,  and  (3)  can  be  used  to 
create  chemical  functionality.  A  significant  observation  of  these  systems  is  that  precipitation 
of  the  particles  prior  to  monolayer  protection  results  in  irreversible  aggregation.  '  By 
analogy,  modification  of  the  nanoscale  magnetic  particles  requires  in  situ  surface  modification. 
Furthermore,  ligand-exchange  reactions  permit  the  stepwise  functionalization  of  the  core/shell 
nanoparticles.  To  demonstrate  our  ability  to  prepare  magnetic  nanopaiticles  with  bound  reactive 
and  functional  groups,  we  have  exchanged  alkanethiolate  ligands  with  alkanethiol-modified 
ferrocene  chains,  which  impart  redox  activity.  We  use  the  well-known  electrochemical  signal  of 
ferrocene  to  confirm  nanoparticle  substitution. 


EXPERIMENTAL 

Chemicals 

Trioctylphosphine  oxide  (TOPO,  Fluka),  hexadecylamine  (HD A),  iron  pentacarbonyl, 
diphenyl  ether  (DPE),  n-butanol,  chloroform  and  methylene  chloride  (Aldrich)  were  used  as 
received.  Tetrabutylammonium  hexafluorophosphate  (TBAPF6,  Fluka)  was  recrystallized  from 
ethyl  acetate.  Au(acac)PPh318  and  ferrocene  thiol19  were  synthesized  using  literature  procedures. 
Ultrapure  water  (18.2  MO)  was  purified  by  a  Bamstead  NANOpure  water  system. 

Synthesis 

In  a  typical  synthetic  preparation,  a  lOOmL  3-neck  flask  was  fitted  with  a  condenser  and 
thermometer  and  charged  with  2.5  g  (6.46  mmol)  TOPO  and  7  g  (29  mmol)  HD  A.  After 
thoroughly  degassing  the  mixture,  the  temperature  is  raised  to  250°C  under  argon.  A  solution  of 
0.625g  (1.62  mmol)  TOPO,  1.75g  (7.25  mmol)  HDA  and  0.14mL  (1.06  mmol)  Fe(CO)5  is 
heated  and  injected  into  the  TOPO  mixture,  and  stirred  for  at  least  an  additional  30  min.  The 
temperature  is  lowered  to  200°C,  and  a  solution  containing  0.1 39g  (0.25  mmol)  Au(acac)PPh3  in 
lOmL  DPE  is  added  dropwise.  The  solution  is  stirred  for  30  min,  cooled  to  ~120°C,  30  mL  n- 
butanol  is  added,  and  the  resulting  black  solution  stirred  for  24  hours. 
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The  nanoparticles  are  isolated  and  purified  by  centrifugation  (at  least  three  times)  from 
50/50  ethanol/butanol,  followed  by  dispersion  in  ethanol  and  collection  on  a  permanent  magnet 
(at  least  twice).  The  collected  nanoparticles  are  dissolved  in  2.5M  decanethiol  in  chloroform, 
stirred  for  a  minimum  of  2  days,  and  collected  via  centrifugation.  The  decanethiol  ligands  are 
exchanged  by  stirring  the  nanoparticles  in  32mM  ferrocene  thiol  in  chloroform  for  at  least  one 
week,  producing  a  mixed  monolayer.20  Confirmation  of  removal  of  all  excess  ferrocene  thiol  is 
obtained  from  a  lack  of  redox  response  of  the  decanted  solutions  during  cyclic  voltammetry;  Fc 
content  decreases  with  sequential  centrifugation  steps,  and  is  below  the  limits  of  detection  (< ca . 

1 0  nM)  after  three  or  four  centrifugation  cycles. 

Measurements 


TEM  analysis  was  performed  on  a  JOEL  JEM  1200  EXH  transmission  electron  microscope  at 
the  Penn  State  Biological  Electron  Microscopy  Facility.  XRD  measurements  were  performed  on 
a  Philips  PW3040-MPD  X-Ray  Diffractometer,  and  UV-Vis  measurements  were  performed  on  a 
Cary  500  UV-Visible-Near  IR  spectrometer. 

Cyclic  voltammetry  was  performed  using  a  CH  Instruments  Model  CHI600A  potentiostat 
interfaced  with  a  personal  computer.  Pt  microelectrodes  (25  pm  diameter)  were  created  by 
flame-sealing  Pt  micro  wire  (Alfa  Aesar)  in  glass  capillaries.  The  sealed  ends  of  the 
microelectrodes  were  bent  to  a  90°  angle  in  the  flame,  and  polished  using  fine  grit  sandpaper  and 
sequentially  smaller  grades  of  alumina  on  fine  nap  polishing  cloths  (Buehler).  The  electrodes 
were  sonicated  briefly  in  ethanol  prior  to  use.  Pt  and  Ag  wire  were  used  as  counter  and  reference 
electrodes,  respectively.  Sample  solutions  of  functionalized  particles  (-1  mg/ml)  in  0.2M 
TBAPF6  in  chloroform  were  degassed,  and  the  electrochemical  cell  sealed,  to  minimize  oxygen 
contamination. 

RESULTS  AND  DISCUSSION 
Nanoparticle  Characterization 

The  size  and  composition  of  the  nanoparticles  were  confirmed  using  transmission  electron 
microscopy  (TEM);  a  representative  TEM  image  of  the  synthesized  Fe  core/Au  shell 
nanoparticles  is  shown  in  Figure  1  A.  Analysis  shows  that  the  as-prepared  samples  are  relatively 
monodisperse  (-20%)  with  an  average  size  of  8.25  ±1.8  nm.  Darker,  ca.  1  nm  thick,  rings 
around  each  particle  are  attributed  to  the  Au  shell,  and  have  near-uniform  thicknesses.  The 
polydispersity  of  the  core/shell  particles  is  comparable  to  that  of  the  Fe  cores  (prior  to  capping 
with  Au),  indicating  that  particle  polydispersity  arises  during  the  initial  Fe  particle  formation. 

Further  confirmation  of  nanoparticle  structure  is  obtained  from  x-ray  powder  diffraction 
(XRD)  spectra,  such  as  in  Figure  IB,  which  show  peaks  characteristic  of  the  (1 11),  (200),  (220), 
(311),  and  (222)  lattice  planes  of  fee  Au.  Due  to  similarities  in  lattice  parameters,  peaks 
corresponding  to  crystalline  Fe  are  obscured  by  the  Au  peaks;  however,  no  peaks  for  Fe  oxides 
are  observed  as  would  be  expected  for  Fe  cores  with  protected  surfaces.  The  magnetic  character 
of  the  particles  (evidenced  by  their  attraction  to  the  permanent  magnet  on  which  they  are 
collected),  taken  together  with  the  TEM  and  XRD  data,  confirms  their  Fe  core/Au  shell 
structures.  High  resolution  TEM  and  energy  dispersive  x-ray  spectroscopy  studies  are  underway 
to  gather  additional  and  definitive  evidence. 
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Figure  1.  (A)  TEM  image  of  8.25±1.8  nm  Fe@Au  nanoparticles.  Scale  bar  represents 
20nm.  (B)  XRD  spectra  showing  peaks  (from  left  to  right)  for  (1 1 1),  (200),  (220),  (311), 
and  (222)  Au  lattice  planes.  The  Fe  peaks  are  obscured  by  the  Au  (200),  (220),  and  (222) 
peaks.  The  inset  shows  a  typical  UV-Vis  spectrum  of  Fe@  Au  nanoparticles  (dashed) 
versus  to  monometallic  Au  particles  (solid)  of  similar  size. 

It  is  well  established  that  metal  nanoparticles  possess  a  characteristic  absorption  in  the 
visible  region  of  the  electromagnetic  spectrum  due  to  the  surface  propagation  of  free  electrons  in 
the  metal.  The  energy  of  the  surface  plasmon  band  is  a  function  of  the  metal,  solvent,  attached 
ligand,  and  size  of  the  particle,  thus  is  a  sensitive  measure  of  the  dielectric  properties  of  the 
nanoparticle.  A  typical  UV-Vis  spectrum  of  the  Fe  core/Au  shell  containing  a  decanethiol 
monolayer  is  shown  in  the  inset  of  Figure  IB.  The  plasmon  band  of  the  Fe@Au  nanoparticles 
appears  at  555  nm,  and  is  red-shifted  in  comparison  with  monometallic  Au  nanoparticles  of 
similar  size.  The  energy  for  the  plasmon  band  may  be  shifted  to  lower  energy  by  particle 
aggregation  or  due  to  electronic  interaction  of  the  Au  shell  with  the  Fe  core.  We  do  not  observe 
any  decreased  solubility,  and  TEM  images  show  individually  isolated  particles,  so  that  the 
shifted  plasmon  peak  cannot  be  a  result  of  particle  aggregation.  It  has  been  shown12  for  other 
core/shell  nanoparticles  that  the  energy  of  the  plasmon  absorbance  of  the  shell  can  be 
dramatically  effected  by  the  size  and  dielectric  properties  of  the  core,  and  we  infer  that  the  Fe 
core  causes  a  similar  effect  in  our  materials.  Additional  studies  of  the  size  and  composition- 
dependent  plasmon  absorption  of  our  alkanethiol  stabilized  Fe  core/Au  shell  nanoparticles  will 
be  reported  separately. 

Electrochemical  Measurements 

There  have  been  several  reports  of  electrochemical  studies  of  Au  nanoparticles  with  redox- 
active  ligands;21  we  analogously  attach  alkanethiol-modified  ferrocenes  to  the  Au  shell  of  our 
nanoparticles.  Figure  2A  shows  a  representative  cyclic  voltammogram  of  a  solution  of  Fc- 
derivatized  Fe  core/Au  shell  nanoparticles,  and  the  peak  at  0.86  V  (vs.  Ag/Ag+)  corresponds  to 
the  oxidation  of  nanoparticle-bound  ferrocenes.  The  forward  (oxidation)  wave  is  nearly 
sigmoidal  in  shape,  consistent  with  the  microelectrode  geometry  and  freely  diffusing  Fc- 
modified  nanoparticles.  However,  upon  reversing  the  potential  sweep,  the  return  (reduction) 
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Figure  2.  Cyclic  voltammograms  of  (A)  solution  of  Fc-functionalized  nanoparticles 
and  (B)  microelectrode  immersed  in  an  electrolyte  solution  after  nanoparticle 
adsorption.  All  voltammograms  were  performed  using  a  potential  scan  rate  of  20m V/s 
in  0.2M  TB  APF6  in  methylene  chloride  at  a  25  pm  diameter  Pt  electrode. 


wave  is  sharp  and  Gaussian,  evidence  for  adsorption  of  the  nanoparticles  on  the  microelectrode 
surface. 

Nanoparticle  adsorption  was  further  examined  (after  these  cyclic  voltammograms)  by 
removing  the  microelectrode  and  re-immersing  it  in  a  solution  containing  only  electrolyte;  Figure 
2B  shows  a  voltammogram  of  the  microelectrode  with  adsorbed  Fc -modified  nanoparticles.  The 
difference  in  potential  between  the  anodic  and  cathodic  peaks  (AEp)  is  4  mV  and  the  reduction 
current  is  five  fold  smaller.  The  shape  of  the  redox  wave  in  Figure  2B  is  consistent  with  surface- 
confined  redox  species  on  the  working  electrode.22  The  surface  coverage,  calculated  from  the 
integrated  current  under  the  oxidation  peak,  is  1.9xl0'9  mol/cm2.  This  value  is  much  larger  than 
expected  for  a  single  adsorbed  layer  of  nanoparticles,  but  because  the  number  of  ferrocenes  per 
nanoparticle  is  not  known,  we  are  unable  to  estimate  the  thickness  of  the  adsorbed  particle  layer. 


CONCLUSIONS 

Surface-protected  Fe@Au  nanoparticles  have  been  synthesized  using  a  novel  high 
temperature  approach,  and  their  structure  confirmed  using  TEM,  XRD  and  UV-Visible 
spectroscopy.  The  nanoparticles  were  functionalized  with  electroactive  Fc  alkanethiolate  ligands 
and  their  preliminary  voltammetric  behavior  has  been  examined.  The  nanoparticles  adsorb  to  the 
microelectrode  surface,  producing  redox-active  layers. 
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ABSTRACT 

A  modified  sol-gel  technique  was  used  to  synthesize  nanocomposites  of  Ni:SiC>2  which 
resulted  in  Ni  nanoparticles  embedded  in  a  SiC>2  amorphous  matrix.  Transmission  electron 
microscopy  TEM  analysis  were  performed  to  study  the  structure  and  morphology  of  the 
magnetic  powders.  The  Ni  particles  were  found  to  have  a  good  dispersion  and  a  controlled 
particle  size  distribution,  with  average  particle  radius  of  ~  3  run.  A  detailed  characterization  of 
the  magnetic  properties  was  done  through  magnetization  measurements  M(T,H)  in  applied 
magnetic  fields  up  to  ±  7  T  and  for  temperatures  ranging  from  2  to  300  K.  The 
superparamagnetic  (SPM)  behavior  of  these  metallic  nanoparticles  was  inferred  from  the 
temperature  dependence  of  the  magnetization.  The  blocking  temperature  Tb,  as  low  as  20  K,  was 
found  to  be  dependent  on  Ni  concentration,  increasing  with  increasing  Ni  content.  The  SPM 
behavior  above  the  blocking  temperature  Tb  was  confirmed  by  the  collapse  of  M/Ms  vs.  H/T 
data  in  universal  curves.  These  curves  were  fitted  to  a  log-normal  weighted  Langevin  function 
allowing  us  to  determine  the  distribution  of  magnetic  moments.  Using  the  fitted  magnetic 
moments  and  the  Ni  saturation  magnetization,  the  radii  of  spherical  particles  were  determined  to 
be  close  to  ~  3  nm,  in  excellent  agreement  with  TEM  analysis.  Also,  magnetic  hysteresis  loops 
were  found  to  be  symmetric  along  the  field  axis  with  no  shift  via  exchange  bias,  suggesting  that 
Ni  particles  are  free  from  an  oxide  layer.  In  addition,  for  the  most  diluted  samples,  the  magnetic 
behavior  of  these  Ni  nanoparticles  is  in  excellent  agreement  with  the  predictions  of  randomly 
oriented  and  non  interacting  magnetic  particles.  This  was  confirmed  by  the  temperature 
dependence  of  the  coercivity  field  that  obeys  the  relation  Hc(T)  =  Hco  [1-(T/TB)1/2]  below  TB 
with  Hco  ~  780  Oe. 


INTRODUCTION 

Nanosized  superparamagnetic  (SPM)  particles  of  ferromagnetic  metals  as  Fe,  Co,  and  Ni 
have  been  extensively  studied  because  of  both  the  richness  of  their  physical  properties  and  a 
wide  range  of  potential  applications  like  catalysts,  high  density  magnetic  recording  media, 
ferrofluids,  and  medical  diagnostics  [1,2].  Although  they  are  easily  obtained,  a  major  point  is  the 
processing  method  used  to  produce  such  nanomaterials.  In  particular,  several  methods  have  been 
used  to  prepare  Ni  nanoparticles  (NP)  like  evaporation  [3],  sputtering  [4],  high-energy  ball 
milling  [5],  ion  exchange,  [6]  and  sol-gel  [7,8],  However,  metallic  NP  exhibit  two  main 
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problems:  the  control  of  particles  size  and  the  formation  of  an  oxide  layer  surrounding  the 
metallic  particles.  The  control  of  particles  size  distribution  (SD)  and  average  size  strongly 
depends  on  the  parameters  of  the  preparation  method.  Besides  the  processing  technique  used,  an 
approach  to  assemble  and  maintain  a  nanostructured  material  is  to  host  the  metallic  NP  in  an 
inorganic  and  non-magnetic  matrix.  The  development  of  nanocomposites,  in  which  metallic 
particles  are  embedded  in  a  matrix,  typically  silica,  can  provide  an  effective  way  of  tailoring  a 
uniform  SD  and  to  control  the  dispersion  of  ultrafine  particles  [9]. 

In  addition,  these  SPM  particles  have  a  high  reactivity  because  of  the  very  high  surface  area  to 
volume  ratio  and  can  be  easily  environmentally  degraded.  Thus,  as  result  of  the  processing 
method,  an  oxide  surface  layer  can  be  formed  leading  to  a  shell-core  morphology  where  an 
anti  ferromagnetic  (AFM)  oxide  layer  surrounds  the  ferromagnetic  (FM)  metallic  NP.  Such  a 
morphology  influences  the  magnetic  properties  due  to  the  exchange  interaction  between  the  FM 
and  AFM  phases. 

In  the  present  study  we  focus  on  the  magnetic  characterization  of  high  quality  specimens 
of  Ni  nanoparticles  embedded  in  amorphous  silica  prepared  through  a  modified  sol-gel 
precursor.  Several  physical  characterizations  performed  on  diluted  samples  of  Ni:Si02,  with  Ni 
concentrations  of  ~  1.5  and  5  wt%,  indicated  that  they  have  average  radius  close  to  3  nm,  exhibit 
superparamagnetism  (SPM),  and  are  free  from  an  oxide  NiO  layer. 


EXPERIMENTAL 

Nanocomposites  of  Ni:Si02  were  synthesized  by  a  modified  sol-gel  method  using  as  start 
materials  tetraethylorthosilicate  (TEOS),  citric  acid,  and  nickel  nitrate  (Ni(N03)2-6H20.  The 
citric  acid  was  dissolved  in  ethanol  and  the  TEOS  and  the  nickel  nitrate  were  added  together  and 
mixed  for  homogenization  during  15  min  at  room  temperature.  A  citric  acid/metal  (Si+Ni)  ratio 
of  3:1  (in  mol)  was  used.  Ethylene  glycol  was  added  to  the  citrate  solutions,  at  a  mass  ratio  of 
40:60  in  relation  to  the  citric  acid,  to  promote  the  polyesterification.  The  resulting  polymer  was 
pyrolysed  in  N2  atmosphere  at  different  temperatures  and  times:  typically  at  500  °C  for  2  h. 
During  the  pyrolysis,  the  bum  out  of  the  organic  material  results  in  a  rich  CO/CO2  atmosphere 
which  promotes  the  reduction  of  the  Ni-citrate,  resulting  in  nanometric  Ni  particles.  Here  we 
concentrate  our  discussion  in  two  diluted  samples  with  -  1 .5  and  5  Ni  wt%  which  are  referred  in 
the  text  as  samples  S 1  and  S2,  respectively.  Further  details  of  the  preparation  method  employed 
are  described  elsewhere  [7].  The  structure  and  morphology  of  the  magnetic  powder  were 
examined  by  high-resolution  transmission  electron  microscopy  (TEM)  and  X-ray  diffraction 
(XRD)  analysis.  Magnetization  measurements  M(T,H)  in  applied  magnetic  fields  between  ±  7  T 
and  for  temperatures  ranging  from  2  to  300  K,  were  performed  in  powders  with  a  SQUID 
magnetometer. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  a  Dark-Field  (DF)  TEM  image  of  the  SI  sample.  It  is  observed  that  the  Ni 
nanoparticles  (bright  spots  in  the  photograph)  are  well  dispersed  in  the  amorphous  matrix.  DF- 
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TEM  analysis  revealed  that  the  Ni  particles  present  an  homogeneous  particle  SD,  with  a  mean 
particle  size  of  rmT  ~3.3  nm.  The  rmx  values  are  slightly  higher  but  consistent  with  the  average 
crystallite  sizes  determined  from  X-ray  diffraction  (XRD)  data  (not  shown)  through  the  Scherrer 
equation,  as  displayed  in  Table  I.  The  particle  SDrs  shown  in  Fig.  2  were  built  from  TEM 
examinations  by  considering  over  than  400  particles.  The  log-normal  SD's  have  distinct 
characteristics  for  the  studied  samples  (Table  I).  For  the  sample  SI ,  the  median  particle  size  r(yr  = 
3.9  nm  is  close  to  the  mean  particle  size  rmj  =  4.2  nm  due  to  a  small  distribution  width  Ct  =  0.35 
nm.  The  Ni  richest  sample  S2  (not  shown)  revealed  a  SD  with  rOT  =  2.3  nm,  rmT  =  3.3  nm,  and  a 
larger  distribution  width  Oj  =  0.84  nm  (see  Table  I). 


Table  I.  Nanoparticles  size  distributions  parameters*. 


Sample 

log-normal  L(x) 

TEM  analysis 

XRD 

Mo  ro 

Urn 

Tm 

o 

Tot  rmx 

aT 

txr 

SI 

4.6  2.8 

12 

3.8 

1.4 

3.9  4.2 

0.35 

2.7 

S2 

lw _ 

5.1  2.9 

17 

_  •  _ _  in 

4.4 

:tv  _ 

1.6 

2.3  3.3 

0.84 

2.3 

Magnetic  moment  values  in  emux  10  and  radii  in  nm. 


The  magnetic  properties  of  these  nanocomposites  are  also  of  interest.  The  temperature 
dependence  of  the  magnetization  M(T),  taken  in  zero-field-cooling  (ZFC)  and  field-cooling  (FC) 
conditions,  exhibits  clear  features  of  SPM  systems.  These  features  are  displayed  in  Figure  3  for 
both  samples:  (1)  the  ZFC  curves  are  rounded  at  Tb,  defined  as  the  temperature  of  their 
maximum,  indicating  a  blocking  process  of  the  small  particles;  and  (2)  a  paramagnetic-like 
behavior  above  Tb.  The  value  of  Tb  shifts  from  Tb  ~  20  K  for  the  S 1  sample  to  Tb  «  40  K  for  the 
more  concentrated  S2  sample.  This  shift  of  Tb  to  higher  temperatures  is  consistent  with  a  higher 
metal  content  in  sample  S2. 

Further  evidence  of  the  SPM  behavior  above  Tb  was  inferred  from  hysteresis  loops 
shown  in  the  inset  of  Fig.  3.  The  M/Ms  vs.  H/T  data,  for  T  >  Tb,  resulted  in  a  universal  curve,  a 
feature  of  the  SPM  response  [10].  The  magnetic  moment  distributions  were  fitted  considering  a 
log-normal  weighted  Langevin  function  (log-normal  L(x))  [10].  From  these  fittings,  the  radius 
distributions  of  spherical  particles  were  calculated  using  the  saturation  magnetization  of  bulk  Ni 
at  300  K  (Ms  =  521  emu/cm3).  The  mean  radii  rm  were  estimated  to  be  3.8  and  4.4  nm  for 
samples  SI  and  S2,  respectively,  in  excellent  agreement  with  the  ones  obtained  from  TEM 
analyses. 
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Figure  2.  Histogram  of  the  size  distribution  of  Ni  nanoparticles  and  log-normal  fitting  (solid 
line)  for  sample  SI  determined  from  TEM  analysis.  Dashed  line  stands  for  the  log-normal  size 
distribution  calculated  from  the  log-normal  Langevin  L(x)  fitting  for  M/Ms  vs.  H/T  curves  (see 
text  for  details). 


T  (K) 


Figure  3.  Temperature  dependence  of  the  magnetization  for  samples  SI  and  S2.  Curves  were 
taken  in  ZFC  and  FC  processes  at  H  =  1  kOe.  The  inset  shows  a  universal  M/Ms  vs.  H/T  curve  of 
the  SI  specimen,  for  several  temperatures. 

A  comparison  between  the  log-normal  SD's  inferred  by  either  TEM  analysis  and 
magnetic -data  fitting  for  the  more  diluted  sample  SI  is  shown  in  Fig.  2.  The  excellent  agreement 
between  the  two  log-normal  SD's  lends  credence  to  our  analysis  and  may  be  attributed  to  both  a 
narrow  SD  and  a  negligible  interaction  between  particles  [10].  The  same  analysis,  for  the  more 
concentrated  specimen  S2  (not  shown)  resulted  in  a  poorer  agreement,  with  r0  being  slightly 
higher  than  rOT  but  close  to  rmT  (see  Table  I).  Such  a  small  discrepancy  is  certainly  related  to 
either  a  magnetic  contribution  arising  from  larger  particles  and  weak  dipolar  interactions  [10]. 

Turning  now  to  the  low  temperature  regime.  Fig.  4  shows  the  hysteresis  loops  measured 
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at  temperatures  ranging  from  3.5  to  200  K  for  sample  SI.  We  remark  that  NiO/Ni  composites 
exhibit  exchange  bias  due  to  interfacial  interaction  between  ferromagnetic  Ni  and 
antiferromagnetic  AFM  NiO  [11].  This  exchange  interaction  is  evidenced  through  a  shift  of 
hysteresis  loops  along  the  field  axis  when  the  system  is  field-cooled  below  the  ordering 
temperature  of  the  AFM  phase.  Defining  Hc+  and  He-  as  the  coercive  fields  with  decreasing  and 
increasing  fields,  respectively,  a  measure  of  the  symmetry  of  the  M(H)  curves  is  given  by  AHc  = 
(Hc+  +  Hc-)/2.  Previous  works  on  Ni/NiO  systems  have  reported  values  for  the  exchange  bias 
field  AHc  ranging  from  ~  80  Oe  in  Ni/NiO  nanowires  [12],  to  ~  700  Oe  in  partially  oxidized  Ni 
NP  [1 3].  The  hysteresis  loops  displayed  in  Fig.  4  clearly  show  that  these  loops  are  symmetric 
about  zero  field  (AHc  ~  1  Oe)  indicating  the  absence  of  particles  with  the  shell-core  NiO-Ni 
morphology.  The  data  also  indicate  negligible  contribution  of  isolated  NiO  nanoparticles,  which 
would  exhibit  large  loop  shifts  of  up  to  ~  10  kOe  [14].  Thus,  our  magnetic  data  strongly  suggest 
that  the  modified  sol-gel  method  used  for  the  synthesis  of  nanosized  Ni  metallic  particles  results 
in  significantly  less  oxidized  metallic  particles  than  other  techniques  [12,13].  This  result  is  in 
agreement  with  XRD  analysis  which  revealed  absence  of  extra  phases  in  these  samples. 

The  Hc(T)  values  at  different  temperatures  (Figure  4  (b))  reveal  that  coercivity  develops 
appreciably  below  Tb  in  these  samples.  The  coercivity  for  a  system  of  randomly  oriented  and 
noninteracting  particles  is  expected  to  follow  the  relation  Hc(T)  =  Hco  [1-(T/Tb)1/21  with  Hco  = 
0.64K/Ms  [15],  where  K  is  the  anisotropy  constant  of  bulk  Ni,  and  Ms  is  the  saturation 
magnetization.  The  above  expression  considers  that  the  magnetization  reversal  takes  place 
coherently,  a  situation  that  can  be  achieved  when  inteiparticle  interactions  are  neglected  [16]. 
Figure  4  (b)  shows  that  this  dependence  is  closely  followed  by  both  samples,  supporting  the 
picture  of  noninteracting  particles,  as  previously  observed  in  systems  comprised  of  metallic  and 
ferromagnetic  NP  [1 7].  Also,  the  extrapolation  of  Hc(T)  to  0  yields  values  of  Tb  ~  16  and  27  K 
for  samples  SI  and  S2,  respectively,  consistent  with  those  obtained  from  M(T)  curves. 


Figure  4.  (a)  Expanded  view  of  hysteresis  loops  taken  at  3.5,  5,  25,  50,  and  200  K  for  the 
nanocrystalline  Ni  particles  sample  SI .  H c+  and  He-  are  defined  in  the  text,  (b)  Temperature 
dependence  of  the  coercivity  He  for  samples  SI  and  S2.  The  Figure  shows  Hc(T)  to  obey  a  Tm 
dependence  with  Hco  of  -  780  and  650  Oe  for  samples  SI  and  S2,  respectively. 
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CONCLUSIONS 


In  summary,  a  modified  sol-gel  method  to  prepare  high-quality  Ni:Si02  nanocomposites 
has  been  developed.  The  obtained  Ni-NP  have  mean  radius  of  ~  3  nm,  narrow  particle  SD’s,  and 
exhibit  SPM  behavior  above  Tb  (Tb  <  40  K).  The  Ni-NP  size  distributions,  determined  from 
magnetic  measurements,  were  in  excellent  agreement  with  those  obtained  from  TEM  analysis. 
Due  to  the  absence  of  a  shift  along  the  field  axis  in  M(H)  curves  below  TB  and  XRD  data,  we 
have  also  inferred  that  these  Ni-NP  are  free  from  an  oxide  layer.  The  linear  T1/2  dependence  of 
the  coercivity  bellow  TB  supports  a  picture  of  randomly  oriented  and  noninteracting 
ferromagnetic  nanoparticles  in  the  samples  studied. 
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ABSTRACT 

The  technique  of  small  angle  neutron  scattering  (SANS)  is  ideally  suited  for  determining  the 
length  scale  of  magnetic  correlations  in  nanocrystalline  materials.  The  additional  use  of 
polarized  neutrons  also  allows  for  a  clear  separation  between  magnetic  and  non-magnetic 
scattering.  The  temperature  dependence  of  the  SANS  cross-section  from  a  two-phase  alloy, 
consisting  of  both  amorphous  and  nano-crystalline  parts,  Fe892r7B3Cui,  has  been  measured  in  the 
temperature  range  from  293  to  500  K.  The  SANS  measurements  are  accompanied  by  bulk 
magnetization  and  Mossbauer  transmission  data.  In  this  range  of  temperatures,  the  magnetic 
contrast  between  the  nanocrystalline  and  amorphous  phases,  which  are  both  magnetic,  changes 
dramatically.  This  phase  contrast  increases  up  to  380  K,  which  is  the  proposed  decoupling 
temperature  for  the  inter-granular  exchange  stiffness.  Above  this  temperature,  the  contrast  levels 
off  slowly,  being  totally  dominated  by  the  decreasing  magnetization  of  the  nanocrystalline  phase. 


INTRODUCTION 

Magnetic  softness  of  exceptional  quality  is  known  to  exist  in  both  structurally  amorphous 
and  nanocrystalline  systems.  Two-phase  Fe  based  nanocrystalline  materials  which  consist  of  bcc 
nanocrystallites  and  a  residual  amorphous  magnetic  matrix  are  also  excellent  soft  magnetic 
materials.  The  corresponding  anisotropy  energy  of  amorphous  systems  is  based  on  the  Random 
Anisotropy  Model  [1],  a  model  which  even  accounts  for  the  anisotropy  in  more  structured  nano¬ 
crystalline  systems  [2].  An  extended  model  proposes  a  penetration  of  the  Fe  exchange  field  from 
the  nanocrystal  phase  into  the  amorphous  phase  and  partially  describes  the  magnetic  hardening 
present  in  such  materials  [3].  The  dramatic  increase  with  temperature  near  the  Curie  point  of  the 
amorphous  phase  has  been  accounted  for  in  the  framework  of  an  extended  two-phase  Random 
Anisotropy  Model  [4].  The  coercivity  He  is  predicted,  in  the  vicinity  of  the  Curie  point  of  the 
amorphous  phase  Tcam,  to  vary  as  the  -6th  power  of  the  spontaneous  magnetization  of  the 
amorphous  phase.  Above  Tcam,  He  is  also  very  sensitive  to  the  volume  of  the  amorphous  phase, 
Vam  [5]. 

Small  angle  neutron  scattering  (SANS)  allows  density  and  magnetization  fluctuations  to  be 
investigated  on  the  length  scales  which  occur  in  nanostructured  magnets  such  as  FINEMET  [6]. 
In  contrast  to  conventional  SANS,  use  of  polarized  neutrons  allows  for  a  clear  separation  of 
magnetic  from  nuclear  scattering  [7].  Reported  here  is  a  direct  determination  of  the  temperature 
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dependence  of  the  contrast  between  the  magnetic  nanocrystalline  and  amorphous  phases  in 
Fe89Zr7B3Cui  by  use  of  polarized  SANS.  The  data  show  clear  and  unambiguous  microscopic 
evidence,  at  a  nanoscale  level,  for  the  magnetic  decoupling  between  the  two  phases. 


EXPERIMENTAL  DETAILS 

A  sample  of  Feg9Zr7B3Cui  was  prepared  in  an  argon  atmosphere  by  a  single  roller  melt 
spinner,  sealed  in  evacuated  quartz  tubes  (at  a  pressure  of  10 3  Pa)  and  annealed  for  one  hour  at 
745  K  using  a  salt  bath.  The  average  grain  size  of  the  nanocrystalline  particles,  12  nm,  was 
determined  by  X-ray  diffraction  from  the  peak  width  of  the  bcc-(l  10)  reflection.  sFe  Mossbauer 
spectra  were  obtained  using  a  conventional  constant-acceleration  spectrometer  and  a 57 Co  Rh 
source.  Coercivity  was  measured  using  a  DC  B-H  loop  tracer  in  the  temperature  range  from  120 
to  473  K.  The  volume  fraction  of  the  amorphous  phase,  approx.  60%,  was  evaluated  from  the 
Mossbauer  spectra.  Polarized  Small  Angle  Neutron  Scattering  measurements  were  performed  on 
the  V4  instrument,  located  at  the  BENSC  BERII  reactor,  Hahn  Meitner  Institut,  Berlin,  Germany 
[8]. 


RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  He  for  Fe89Zr7B3Cui  is  displayed  in  figure  1 .  A  decoupling 
between  the  two  phases  at  a  temperature  of  Tcam  =  380  K  is  inferred  by  assuming  that  the 
amorphous  exchange  interaction  is  Heisenberg  like,  with  an  associated  critical  exponent,  $  =  0.36 
for  the  magnetization.  In  this  context,  the  extended  RMA  model  predicts  that  the  temperature 
dependence  of  He  varies  as  (Tcam  -  T)^p  [4].  This  variation  of  He  is  also  displayed  in  figure  1 . 


Figure  1.  Temperature  dependence  of  the  coercivity  field  He  for  Fe89Zr7B3Cui 
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A  further  estimate  of  the  Curie  point  of  the  amorphous  phase  has  been  inferred  by  a  least 
squares  fitting  analysis  of  the  temperature  dependence  of  the  mean  hyperfine  field  Bhf  for  the 
amorphous  phase,  obtained  from  the  Mossbauer  spectra,  using  the  model  of  Handrich  [9],  This  is 
displayed  in  figure  2.  Even  though  this  method  appears  to  underestimate  the  Curie  point 
determined  by  the  previous  technique,  lack  of  Mossbauer  data  above  300  K  may  account  for  this 
discrepancy. 


Figure  2.  Temperature  dependence  of  the  measured  mean  hyperfine  field  Bhf  for  the  amorphous 
phase  of  Fes^Z^BjCui  (•)  and  the  fitted  dependence  using  the  Handrich  model  (  —  ). 


In  the  limit  of  scattering  at  small  angles,  the  neutron  scattering  amplitude  for  a  particles  i 
(nuclear  or  magnetic)  of  volume  Vi,  located  at  positions  ri,  embedded  in  a  homogeneuous 
amorphous  matrix  is  given  by  equation  I; 

F(q)  =  J  dr  At*  exp(iq.r,)  =  Ar|i Vif(qR)  ( 1 ) 

where  AT|i  =  Atipamcie  -  Ari^ix  is  the  amplitude  contrast  between  particle  and  matrix  scattering 
densities,  q  is  the  neutron  wave-vector  transfer  and  f(qR)  is  the  particle  form  factor,  a  function 
which  depends  only  on  the  shape  of  the  particle  with  a  nominal  size  R.  For  a  system  with  a  low 
fraction  of  independent  scattering  particles,  the  small  angle  scattering  probability  I(q),  when 
summed  over  all  scattering  centres,  is  directly  proportional  to  the  square  of  the  scattering 
amplitude,  as  given  by  equation  2; 

I(q)  =  F(q)2  (2) 


The  use  of  polarized  neutron  in  a  SANS  experiment  allows  the  separate  nuclear  and 
magnetic  contributions  to  the  scattering  amplitude  to  be  evaluated  with  more  accuracy  than  by 
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use  of  conventional  SANS  [7].  The  q-dependence  of  the  magnetic  contribution  to  I(q)  at  330  K  is 
displayed  below  in  figure.  3. 


Figure  3.  The  q-dependence  of  the  magnetic  contribution  to  I(q)  for  Fe89Zr7B3Cui  at  330  K. 


An  extremely  relevant  aspect  of  the  SANS  technique  is  the  relationship  between  the  contrast 
AM  =  Main-  Mnano  of  the  magnetic  parts  of  the  amorphous  and  nanociystal  phases  and  the 
magnetic  scattering  probability  I(q) .  This  is  given  by  the  invariant  quantity  [10]: 


cpcamV|AM|2=27C2}q2I(q)dq  (3) 

0 

where  cp  and  cam  are  the  concentrations  of  particle  and  amorphous  phases,  respectively,  for  a 
sample  volume  V.  The  temperature  dependence  of  the  magnetic  contrast  has  been  determined  in 
the  range  from  290  to  475  K.  This  is  displayed  in  figure  4,  together  with  the  nuclear  contrast, 
which  has  also  been  determined  using  equation  (3)  via  the  measured  nuclear  scattering 
probability.  The  error  bars  associated  with  the  nuclear  scattering  are  larger  than  their  magnetic 
counterparts  as  the  magnetic  scattering  is  significantly  larger  than  its  nuclear  counterpart.  Use  of 
conventional  SANS  would,  however,  preclude  such  a  clear  separation  between  the  two  types  of 
scattering.  As  expected,  the  nuclear  contrast  displays  no  temperature  dependence,  whilst  in  the 
same  temperature  interval,  the  magnetic  contrast  increases  up  to  380  K,  which  is  the  proposed 
decoupling  temperature  for  the  inter-granular  exchange  stiffness.  Above  this  temperature,  the 
contrast  levels  off  slowly  as  it  is  totally  dominated  by  the  slowly  decreasing  magnetization  of  the 
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nanocrystalline  phase,  Mnano.  The  behaviour  of  the  magnetic  contrast  is  very  clear  and 
unambiguous  microscopic  evidence  for  the  decoupling* 


T  (K) 


Figure  4.  Temperature  dependence  of  the  magnetic  and  nuclear  contrasts  for  FesyZ^BsCui. 


The  volume  packing  fraction  of  the  Fe  based  nanocrystals,  at  approximately  40%  is  rather 
high  in  the  system  under  investigation.  This  introduces  significant  interference  effects  between 
particles,  a  situation  that  is  difficult  to  treat  analytically  [11].  However,  SANS  measurements  are 
planned  on  samples  with  a  much  lower  concentration  of  nanocrystalline  grains  in  order  to 
characterize  in  detail  the  length  scale  (or  correlation  length)  over  which  magnetic  fluctuations 
exist.  What  is  clear  from  the  present  investigation  is  that  the  use  of  polarized  SANS  is  a  sensitive 
and  unique  structural  probe  for  characterizing  fluctuations  in  atomic  and  magnetic  density  in  two- 
phase  nanostructured  magnets. 


CONCLUSIONS 

The  technique  of  small  angle  neutron  scattering  (SANS)  is  ideally  suited  for  determining 
the  length  scale  of  magnetic  correlations  in  nanocrystalline  materials.  Polarized  small  angle 
scattering  allows  for  a  clear  separation  between  magnetic  and  non-magnetic  scattering  in  two- 
phase  nanostructured  magnets.  The  technique  has  been  utilized  to  investigate  the  temperature 
dependence  of  the  microscopic  magnetic  contrast  between  amorphous  and  nano-crystalline  parts 
in  Fe89Zr7B3Cuj,  in  the  temperature  range  from  293  to  500  K.  The  decoupling  temperature  for 
the  inter-granular  exchange  stiffness  has  been  directly  observed  and  compares  well  with  that 
inferred  from  indirect  bulk  measurements. 
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ABSTRACT 

Mossbauer  spectroscopy  uses  the  resonant  absorption  of  nuclear  radiation  by  57Fe  to  probe  the 
electronic  and  internal  magnetic  structure  of  iron  based  magnetic  materials.  The  technique  has  a 
characteristic  measuring  time  of  10  ns  enabling  investigation  of  spin  relaxation  phenomena  in 
nanoscale  particles;  and  determination  of  their  magnetic  properties  in  the  absence  of  externally 
applied  magnetic  fields.  We  report  on  Mossbauer  studies  of  Y-Fe203  nanoparticles  synthesized 
within  hexagonally  packed  mesoporous  MCM^t  1  aluminosilicate  matrices  with  cylindrical  pores 
of  2.5  nm  diameter.  Data  analysis  allowed  differentiation  of  particle-matrix  interfacial  versus 
particle-core  interior  iron  sites.  Interfacial  iron  atoms  experience  large  electric  field  gradients 
resulting  in  quadrupole  splitting  values  of  AEq  (surface)  =  (1.25  ±  0.05)  mm/s,  while  core  atoms 
exhibit  smaller  values  of  AEq  (core)  =  (0.73±  0.05)  mm/s  at  room  temperature.  Similarly, 
differences  were  observed  in  the  values  of  the  internal  hyperfme  fields  at  low  temperatures 
indicating  reduced  strength  in  the  exchange  interactions  at  the  particle  surface,  with  interfacial 
atoms  experiencing  internal  fields  Hhf  (surface)  =  (458  ±1)  kOe  reduced  relative  to  the  core  Hhf 
(core)  =  (488  ±  1)  kOe  at  4.2  K.  Particle/matrix  interactions  at  the  surface  appear  to  perturb  the 
electronic  interactions  deeper  into  the  core  than  the  magnetic  exchange  interactions. 

INTRODUCTION 

Porous  matrices  are  ideal  hosts  for  the  dispersion  of  nanoclusters.  Zeolitic  and  sol-gel  derived 
molecular  sieves  and  a  variety  of  cross-linked  and  block  co-polymers  have  been  used  to  this 
purpose  [1-4].  The  matrices  vary  from  micro-  to  meso-porous  and  from  amorphous  to  highly 
ordered,  affording  nanocomposites  with  a  wide  range  of  physical  properties.  Nanotechnological 
applications,  ranging  from  catalysis  to  novel  electronic  devices  and  magnetic  media,  drive  the 
exploration  of  these  advanced  materials  [5].  We  have  made  use  of  hexagonally  packed  MCM-41 
aluminosilicate  matrices  [6]  for  the  production  of  well-organized  nanocluster  assemblies  of 
Fe203.  By  packing  the  nanoclusters  within  the  host  matrix  the  interfacial  confinement 
environment  is  expected  to  lead  to  uniquely  tailored  morphology  and  magnetic  behavior.  In 
particular,  the  ID-cylindrical  pore  channels  of  the  hexagonally  packed  aluminosilicate  matrices 
could  afford  the  encapsulation  of  extremely  elongated  nanoparticles,  leading  to  the  production  of 
magnetic  nanorods  or  nanowires,  as  one  of  us  and  collaborators  have  previously  reported  [1  ]. 
Herewith,  we  present  fundamental  studies  on  the  electronic  and  magnetic  properties  of  the 
Fe203/AlSi02  nanocomposites  based  on  Mossbauer  spectroscopic  measurements.  Specifically, 
we  address  the  characterization  of  the  particle/matrix  interfacial  region  and  present  a  more 
thorough  interpretation  of  Mossbauer  results  presented  in  [1].  Particle/matrix  interactions 
impose  large  stress  on  the  surface  perturbing  the  electronic  and  magnetic  interactions  over  a 
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finite  shell  of  atomic  lattice  planes;  they  also  appear  to  perturb  the  electronic  interactions  over  a 
longer  range  from  the  particle  surface  than  the  magnetic  exchange  interactions. 

MATERIALS  AND  METHODS 

Mesoporous  silica  25%  doped  with  A1  (AlSi-25)  was  synthesized  from  an  inorganic  siliceous 
precursor  using  organic  cationic  trimethylammonium  surfactants  as  a  supermolecular  templating 
agent.  Details  of  the  synthesis  and  characterization  of  the  resulting  MCM-41  aluminosilicate 
matrix  have  been  presented  elsewhere  [1],  The  matrix  had  a  narrow  pore  size  distribution 
centered  at  about  2.5  nm  pore  diameter  for  the  1  D-channels.  Introduction  of  iron  oxide  within 
the  pore  structure  of  the  matrix  was  achieved  via  evaporation/condensation  of  volatile  Fe(CO)5. 
TEM  bright  field  images  of  as  prepared  and  500  °C  calcined  Fe203/AlSi-25  nanocomposites 
indicated  the  presence  of  a  hexagonally  packed  array  with  dark  phase  contrast  inside  the  pores, 
corresponding  to  the  iron  oxide  guest  structure  (Fig.  1).  No  particle  agglomeration  or  sintering 
was  observed  after  calcination  in  a  tube  oven  under  flowing  oxygen  for  3  hours  at  500  °C.  X-ray 
probe  iron  mapping  and  STEM  images  perpendicular  to  the  hexagonally  packed  arrays  (see 
reference  [1])  indicated  the  presence  of  both  spherical  and  elongated  morphologies  for  the  iron 
oxide  particles. 

We  have  used  Mossbauer  spectroscopy  in  order  to  examine  the  electronic  and  magnetic 
properties  of  the  Fe203/AlSi-25  nanocomposites.  Mossbauer  spectroscopy  [7]  uses  the  resonant 
absorption  of  nuclear  radiation  by  the  57Fe-nucleus  to  probe  the  electronic  and  internal  magnetic 
structure  of  iron  based  magnetic  materials.  This  is  accomplished  by  the  determination  of  the 
electronic  and  magnetic  hyperfine  parameters  at  the  iron  site:  isomer  shift,  8,  quadrupole 
splitting,  AEq,  and  hyperfine  field,  Hhf.  Correlated  values  of  all  three  Mossbauer  parameters  can 
be  used  for  structural  phase  determination.  This  is  particularly  valuable  in  the  study  of 
nanostructures,  as  crystallites  of  nanometer  size  dimensions  are  not  amenable  to  XRD  structural 
determination,  due  to  line  broadening  produced  by  the  small  particle  diameter. 

Mossbauer  spectroscopy  has  a  fast  characteristic  measurement  time,  Tmoss  =  10  ns,  which 
enables  examination  of  dynamic  and  static  magnetic  properties  of  nanostructures  over  a 
convenient  temperature  range.  This  may  be  compared  to  routine  macroscopic  magnetization 
studies  using  Superconducting  Quantum  Interference  Device  (SQUID)  magnetometers  which 
have  longer  measurement  times,  xMag  =  10  s  to  100  s.  Thus,  Mossbauer  blocking  temperatures  of 


Figure  1.  TEM 
micrographs  of 
Fe2C>3/Al  Si-25 
nanocomposites:  (left) 
as  prepared  and  (right) 
calcined  at  500  °C. 
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magnetic  nanostructures  would  be  higher  than  those  for  SQUID  measurements.  Another 
important  feature  of  the  technique  is  that  magnetic  characterization  is  achieved  in  the  absence  of 
an  externally  applied  field,  obviating  the  need  for  zero-field  extrapolation  of  the  data. 

Due  to  their  extremely  small  size,  nanometer  size  particles  have  a  large  fraction  of 
surface  to  interior  iron  atoms.  We  have  assumed  a  simple  idealized  core-shell  model  according 
to  which  the  core  is  highly  crystalline  and  uniformly  magnetized,  while  the  shell  is  somewhat 
amorphous  with  surface  atom  coordination  severely  distorted  leading  to  large  ligand-field 
splittings  and  iron  spins  strongly  pinned  at  the  surface  [8],  Such  surface  atom  coordination 
distortions  would  be  reflected  in  AEq  and  Hhf  values  for  atoms  at  the  particle-matrix  interface 
versus  those  in  the  interior  of  the  particle  [9].  Mossbauer  spectra  were  recorded  for  4.2  K<  T  < 
300  K  using  a  continuous  flow  liquid  helium  cryostat.  The  experimental  data  were  computer 
fitted  to  theoretical  spectra  using  a  non-linear,  least-squares  curve  fitting  procedure. 

RESULTS  AND  DISCUSSION 

Fitted  Mossbauer  spectra  for  the  as-prepared  sample  are  shown  in  Figure  2.  The  overall 
temperature  profile  is  characteristic  of  magnetically  ordered  iron  oxide  particles  [10]  undergoing 
superparamagnetic  relaxation  processes  due  to  thermally  driven  particle  moment  reversals  [11]. 
The  superparamagnetic  relaxation  time  is  given  by  xs  =  To  exp  (KV/kT),  where  T  is  the 
temperature,  V  the  volume  and  K  the  magnetic  anisotropy  density  of  the  particle;  k  is 
Boltzmann’s  constant  and  To  is  a  temperature  independent  constant  characteristic  of  the  material. 
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Figure  2.  Mossbauer  spectra  of  as-prepared  Fe2C>3/AlSi-25  nanocomposites.  The  solid  line  is  a  least- 
square  fit  to  the  experimental  points,  assuming  a  superposition  of  sites  depicted  by  the  theoretical  spectra 
shown  above  the  experimental  data.  The  magnetic  subcomponents  were  fitted  to  a  distribution  of 
magnetic  hyperfine  fields  in  order  to  simulate  intermediate  relaxation  effects. 
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At  low  temperatures  particle-moment  reversals  are  slowed  down  revealing  the  internal  magnetic 
order  of  the  particle  when  ts  >  1 0  ns. 

At  room  temperature,  broad  quadrupole  doublets  were  obtained.  The  large  absorption 
line-width  necessitated  fitting  to  the  superposition  of  two  unresolved  doublets  of  similar  isomer 
shift,  but  different  quadrupole  splittings  (TABLE  I).  The  values  of  AEq’s  reflect  the  degree  of 
iron  coordination  distortion  away  from  perfect  octahedral  or  tetrahedral  coordination.  Thus, 
larger  AEq  values  were  associated  with  the  surface  (shell)  atoms;  smaller  ones  with  interior  (core) 
atoms.  The  relative  absorption  intensity  of  shell  vs.  core  atoms,  determined  by  the  ratio  of  the 
areas  of  absorption  under  the  associated  curves,  gives  the  relative  population  of  surface  to  core 
iron  atoms  within  the  assumption  of  similar  recoil  free- fractions  [7].  Spectral  fits  at  room 
temperature  give  A  (shell) :  A  (core)  =  40  :  60. 

The  six  line  magnetic  spectra  at  low  temperatures  were  also  fit  within  the  core- shell 
model  to  the  superposition  of  two  magnetic  subsites  with  two  internal  hyperfine  magnetic  fields 
associated  with  core  and  shell  iron  atoms,  respectively  (TABLE  I).  The  sharp  discontinuity  in 
the  Fe-O-Fe  superexchange  paths  of  the  magnetic  lattice  at  the  surface  of  the  particle  leads  to  a 
canted  surface-spin  structure  with  diminished  strength  of  the  magnetic  exchange  interactions  at 
the  surface.  The  contribution  from  surface  atoms  to  the  magnetic  absorption  spectral  area  was 
suppressed  compared  to  that  observed  for  the  paramagnetic  spectra  at  room  temperature, 
resulting  in  A  (shell) :  A  (core)  =  20  :  80  at  4.2  K. 

We  have  previously  interpreted  this  reduction  of  surface  to  core  ratio  [1]  as  an  indication 
of  the  presence  of  a  frozen  core  spin-structure;  while,  surface  spin  fluctuations  [12]  still  persisted 
at  4.2  K.  That  is,  even  though  spins  at  the  surface  are  canted  relative  to  the  magnetic  easy  axis  of 
the  core  due  to  pinning  forces  at  the  surface,  the  lower  magnetic  fields  observed  at  the  surface 
could  result  in  spin  fluctuations  about  local  easy  axes  being  thermally  accessible  at  lower 
temperatures  than  within  the  core  where  the  observed  internal  hyperfine  fields  are  6%  stronger. 
This,  however,  appears  to  be  in  contradiction  to  strong  pinning  at  the  surface.  An  alternative, 
and  probably  most  likely  interpretation,  is  that  the  discontinuity  at  the  surface  disturbs  the 


TABLE  I.  Mossbauer  Parameters  for  Fe20a/AlSi-25  Nanocomposite 


Fe203/AlSi-25 

Nanocomposite 

Hyperfine  Field  a 
Hhf(kOe) 

Surface 

Core 

Surface 

Core 

Core 

As -prepared 

300 

0.33 

0.33 

1.25 

0.73 

— 

4.2 

(0.45) 

0 

-0.026 

458 

488 

300 

0.36 

0.34 

1.24 

0.74 

— 

— 

4.2 

(0.46) 

0 

-0.056 

448 

477 

300 

■i&kSI 

Ksa 

1.10 

0.81 

— 

— 

4.2 

MtMW 

EZ5I 

-0.132 

442 

488 

Bulk  y-Fe203 
(A+B  sites  averaged) 

298 

0.35C 

0 

496d 

a  Uncertainties  in  8,  AEq  and  Hw  are  ±  0.03  mm/sec  ,  ±  0.05  mm/sec  and  ±1.0  kOe,  respectively. 
Isomer  shift  is  relative  to  metallic  iron  at  room  temperature;  4.2  K  values  were  fixed  at  those  obtained  at 
room  temperature  +  0.12  mm/sec  second-order  Doppler  shift.  "Reference  [13].  d Reference  [14]. 
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electric  field  gradients  deeper  into  the  core  than  the  strength  of  the  magnetic  exchange 
interactions.  Thus,  the  thickness  of  the  shell  derived  from  the  quadrupolar  spectra  would  appear 
larger  than  that  derived  from  analysis  of  the  magnetic  spectra. 

At  intermediate  temperatures,  the  spectra  are  more  complex  due  to  intermediate  spin 
relaxation  phenomena  and  the  presence  of  a  distribution  of  particle  sizes.  The  relaxation  profiles 
have  been  fitted  to  superpositions  of  paramagnetic  and  magnetic  subcomponents.  Intermediate 
relaxation  processes  have  been  simulated  phenomenologically  by  introducing  a  distribution  of 
hyperfine  field  values.  The  outer  absorption  magnetic  field  lines  in  Fig.  2  are  observed  to  shift 
inward  with  increasing  temperature,  indicating  that  the  average  hyperfine  fields  decrease  with 
increasing  temperature.  This  is  an  indication  that  at  low  temperatures,  where  spin  reversals  are 
suppressed,  the  particle  magnetization  may  still  undergo  collective  magnetic  excitations  about  its 
easy  axis  of  magnetization  [13]. 

The  Mossbauer  parameters  of  the  as-prepared  nanocomposite  are  consistent  with 
maghemite  (y-Fe203).  This  phase  identification  is  supported  by:  (i)  the  absence  (or  negligible) 
quadrupolar  perturbation  on  the  magnetic  spectra  and  (ii)  the  values  of  the  hyperfine  fields 
observed.  Hematite  (a-Fe203)  exhibits  a  large  quadrupolar  perturbation  of  0.12  mm/sec  at  300 
K  and  -0.22  mm/sec  below  the  Morin  transition  [7];  and  a  saturation  hyperfine  field  Hsal=544 
kOe.  In  contrast,  y-Fe203  has  zero  quadrupolar  perturbation  and  Hg*  -  527  kOe.  Furthermore,  it 
is  well  known  that  a-Fe203  is  a  canted  antiferromagnet  exhibiting  weak  bulk  magnetization, 
while  the  present  sample  recorded  a  magnetization  value  of  57emu/g  at  4.2  K  in  SQUID 
measurements  (see  reference  [1])  consistent  with  ferrimagnetic  y-Fe203. 

Furthermore,  the  phase  of  the  iron  oxide  appeared  to  be  stable  at  higher  temperatures  in 
transmission  electron  microscope  and  Mossbauer  studies.  Mossbauer  parameters  obtained  for 
samples  calcined  for  3  hours  in  flowing  oxygen  at  300  and  500  °C  are  given  in  Table  I.  The 
small  changes  in  parameter  values  observed  appear  to  be  consistent  with  increased  particle 
crystallinity,  due  to  atomic  restructuring  upon  calcination  at  high  temperatures. 

CONCLUSION 

Mossbauer  spectroscopy  affords  structural,  electronic  and  micromagnetic  characterization  of  iron 
based,  artificially  structured  magnetic  materials.  Spectral  fitting  procedures  within  a  core/shell 
model  hypothesis  for  this  y-Fe203/AlSi-25  nanocomposite  allowed  electronic  and  magnetic 
characterization  of  the  embedded  particle/matrix  interfaces.  Quadrupole  splitting  values  at  the 
surface  increased  by  37%,  while  magnetic  field  values  decreased  by  6%,  relative  to  the  interior; 
pointing  to  severe  iron-ion  coordination  distortion  at  the  surface  and  large  surface  stress  or  strain 
imposed  by  the  supporting  matrix.  The  core/shell  model  analysis  yielded  estimates  of  the 
fraction  of  atoms  lying  on  the  surface.  Based  on  electronic  measurements  40%  of  atoms  lie  on 
the  surface,  while  internal  magnetic  field  measurements  yield  a  smaller  number  of  only  20%. 
This  is  consistent  with  the  hypothesis  that  the  strength  of  the  magnetic  exchange  interactions  are 
modified  to  a  lesser  degree  and  over  a  shorter  distance  from  the  surface  into  the  core  as 
compared  to  the  electronic  interactions. 

The  observed  distortions  at  the  surface  are  consistent  with  the  existence  of  large  strains  at 
the  surface  known  to  result  in  strong  surface  contributions  to  the  magnetic  anisotropy  densities  in 
small  magnetic  particles  as  compared  to  the  bulk  [15].  Even  spherical  particles  of  nanometer 
dimensions,  lacking  shape  anisotropy,  exhibit  magnetic  anisotropy  constants  two  orders  of 
magnitude  larger  than  the  corresponding  bulk  material  [10].  Large  distortions  of  the  crystalline 
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lattice  at  the  surface  of  the  particle,  as  observed  in  this  nanocomposite,  originating  from 
particle/matrix  interfacial  interactions  could  account  for  such  effects.  The  same  interactions  and 
geometrical  confinement  of  the  particles  within  the  aluminosilicate  matrix  could  account  for  the 
increased  stability  of  the  particles  at  high  temperatures. 
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ABSTRACT 

Single-molecule  magnets  (SMM)  are  molecules  that  function  as  single-domain 
nanomagnets.  SMMs  have  been  characterized  with  a  ground-state  spin  ranging  from  S  =  4  to  S 
=  13.  A  few  SMMs  have  been  identified  that  have  half-integer  spin  ground  states. 
[Cation][Mni20i2(02CR)i6(H20)4]  complexes,  where  R  is  some  substituent,  are  SMMs  that 
have  either  a  S  =  19/2  or  21/2  ground  state.  Quantum  tunneling  of  magnetization  (QTM)  is 

observed  for  these  half-integer-spin  Kramers  [Mni2]  degenerate  SMMs  in  zero  external 
magnetic  field,  as  well  as  for  a  class  of  S  =  9/2  Mn4  SMMs.  The  presence  of  QTM  in  zero 
external  field  is  attributed  to  a  transverse  component  of  a  nuclear  spin  field,  dipolar  interactions 
and  intermolecular  exchange  interactions.  The  Landau -Zener  method  is  used  to  measure  the 
tunnel  splitting  as  a  function  of  transverse  magnetic  field  for  a  single  crystal  of  the  S  =  9/2  SMM 
[Mn403(0SiMe3)(0Ac)3(dbm)3].  Spin  parity  dependent  QTM  is  established.  The  effect  of  a 
magnetic  exchange  interaction  between  two  S  =  9/2  Mn4  SMMs  upon  QTM  was  studied  for 

another  compound.  The  hydrogen  bonding  and  CF--C1  contacts  within  a  supramolecularly 
linked  [Mn4]2  dimer  lead  to  a  weak  antiferromagnetic  exchange  interaction  between  the  two  S  = 
9/2  SMMs.  This  interaction  causes  a  shift  (exchange  bias)  from  zero  field  for  the  magnetic  field 
at  which  QTM  occurs. 

INTRODUCTION 

Single-molecule  magnets  (SMMs)  are  molecules  that  function  as  single-domain  magnetic 
particles  which,  below  their  blocking  temperature,  exhibit  the  classical  macroscale  property  of  a 
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magnet,  namely  magnetization  hysteresis  [1,2].  SMMs  owe  their  properties  to  a  combination  of 
a  large  ground  state  spin  and  an  easy-axis-type  anisotropy,  which  give  a  significant  barrier  to 
magnetization  relaxation.  SMMs  thus  represent  a  molecular  approach  to  new  nanoscale 
magnetic  materials,  offering  all  the  advantages  of  molecular  chemistry  (room  temperature 
synthesis,  purity,  solubility  in  many  solvents,  a  well  defined  periphery  of  organic  groups,  and  a 
crystalline  ensemble  of  monodisperse  units)  as  well  as  displaying  the  superparamagnetism  of  a 
mesoscale  magnetic  particle.  They  also  display  quantum  tunneling  of  magnetization  (QTM), 
indicating  that  they  straddle  the  interface  between  the  classical  and  quantum  regimes  [3,4]. 
SMMs  have  many  potential  applications,  but  these  require  that  their  properties  be  both 
understood  and  controlled,  particularly  QTM.  The  Mni2  SMMs  have  been  the  most  thoroughly 
studied  of  the  molecular  nanomagnets  [5,6].  Various  derivatives  have  been  prepared  differing  in 
the  organic  groups  [7],  and  it  has  been  discovered  that  the  magnetic  properties  (including  QTM) 
can  be  significantly  altered.  This  is  also  possible  by  adding  additional  electrons,  and  both  the 

[Mni2]  (S  =  19/2  or  21/2)  [8-13]  and  [Mni2]^  (S  =  10)  [14,15]  versions  have  been  prepared 
[8-11].  Mn4  SMMs  with  S  =  9/2  have  also  been  extensively  studied  [16-18]. 

EXPERIMENTAL  DETAILS 

Crystalline  samples  of  the  [Cation]  [Mni20i2(C>2CR)i6(H20)4]  [8]  (R  =  substituent), 
[Mn403(0SiMe3)(0Ac)3(dbm)3]  [19]  and  [Mn403Cl4(02CEt)3(py)3]  [20]  were  prepared  as 

reported  previously.  Magnetization  measurements  on  one  salt  of  the  [Mni2]  SMM  were 
carried  out  on  a  few  crystals  oriented  by  means  of  a  5  T  field  and  restrained  in  eicosane.  A 
Quantum  Design  SQUID  magnetometer  was  used.  All  magnetization  measurements  for  the  two 
Mn4  SMMs  were  carried  out  on  a  single  crystal  using  an  array  of  micro-superconducting 
quantum  interference  devices  (micro-SQUIDs)  [21].  The  high  sensitivity  allows  one  to  study 
single  crystals  of  SMMs  on  the  order  of  10-500  Jim.  The  field  can  be  applied  in  any  direction  by 
separately  driving  three  orthogonal  coils.  Single  crystal  high-frequency  electron  paramagnetic 
resonance  (HFEPR)  experiments  were  carried  out  using  a  cavity  perturbation  method,  enabling 
high  sensitivity  measurements  in  the  range  from  20  to  200  GHz;  the  details  of  this  technique  are 
described  elsewhere  [22]. 

DISCUSSION 

Kramers  theorem  [23]  states  that  no  matter  how  unsymmetric  the  crystal  field  is,  a 
molecule  possessing  an  odd  number  of  electrons  must  have  a  ground  state  that  is  at  least  doubly 
degenerate,  even  in  the  presence  of  crystal  fields  and  spin-orbit  interactions.  A  magnetic  field  is 
needed  to  break  the  symmetry  of  a  half-integer  spin  SMM  and  lead  to  tunneling.  There  have 
been  several  papers  [24,25]  addressing  the  fact  that  a  molecule  with  a  half-integer  spin  (such  as 
S  =  19/2)  should  not  exhibit  resonant  magnetization  tunneling  in  the  absence  of  a  magnetic 
field.  For  such  a  molecule,  each  pair  of  ±ms  levels  in  zero-field  exhibits  Kramers  degeneracy. 
An  S  =  19/2  molecule  should  not  be  able  to  tunnel  coherently  between  the  ms  =  -19/2  and  ms  = 
19/2  levels,  or  for  that  matter,  between  any  ms  and  -ms  pair  in  the  absence  of  a  magnetic  field. 

[Mni2l  single-molecule  magnets 
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A  few  different  half-integer  SMMs  with  the  composition 
[Cation] [Mni20i2(02CR)i6(H20)4]  have  been  reported  [8-13],  The  [Mni2]  SMMs  have 
either  a  S  =  19/2  or  a  S  =  21/2  ground  state  with  axial  zero- field  splitting  (DSZ )  where  D  =  -0.4 

to  -0.6  cm  \  The  single-crystal  X-ray  structure  of  [PPh4][Mni20i2(02CEt)i6(H20)4] 
(complex  1)  has  been  reported  [8].  Five  small  crystals  (3  mm  x  0.1  mm  x  0.1  mm)  of  this  S= 


Figure  I.  The  top  plot  shows  the  magnetization  hysteresis  loop 
measured  at  1.85  K  for  five  crystals  of 
[PPh4][Mni20i2(02CEt)i6(H20)4]  oriented  in  an 
eicosane  wax  matrix.  In  the  lower  plot  is  shown  the  first 
derivative  of  the  magnetization  hysteresis  loop. 


19/2  complex  were  suspended  in  eicosane  held  at  40°C  and  the  suspension  introduced  into  a  5.5 
T  field,  whereupon  the  five  crystals  were  oriented  with  their  easy  axes  parallel  to  the  field.  The 
eicosane  was  cooled  to  give  a  wax  cube  with  the  five  crystals  oriented  with  parallel  easy  axes. 
The  magnetization  versus  external  magnetic  field  data  exhibit  a  hysteresis  as  shown  in  figure  1. 

The  sample  of  complex  1  was  first  saturated  in  a  field  of  +2.0  T,  and  the  field  was  then 
swept  down  to  -2.0  T  and  cycled  back  to  +2.0  T.  Steps  can  clearly  be  seen  on  the  hysteresis 
loop  due  to  resonant  QTM.  As  the  field  is  decreased,  the  first  step  is  seen  at  zero  external  field. 
Resonant  tunneling  occurs  because  the  -ms  levels  on  the  right-hand  side  of  the  double  well  for 
magnetization  reversal  have  the  same  energies  as  the  +ms  levels  on  the  left.  The  most 
interesting  feature  on  the  hysteresis  loop  is  the  step  seen  at  zero  field.  Since  complex  1  has  a  S  = 
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19/2  half-integer  spin  ground  state,  it  should  not  be  able  to  tunnel  in  zero  magnetic  field. 
Apparently,  the  explanation  [9]  for  this  step  at  zero  field  lies  in  the  fact  that  several  nuclei, 

particularly  the  ~*^Mn  with  I  =  5/2,  have  a  nuclear  spin.  These  nuclear  spins  give  rise  to  a  small 
internal  magnetic  field  inside  the  molecule.  A  transverse  component  of  this  internal  nuclear  spin 
field  leads  to  resonant  QTM  in  zero  external  field.  The  suggestion  that  a  nuclear  spin  field  could 
play  this  important  role  was  verified  [26]  by  changing  iron  isotopes  in  the  Fe8  SMM. 

The  effect  of  the  cation  on  the  properties  of  [Mn  12]  SMMs  has  been  probed.  An  early 
suggestion  [10]  that  a  paramagnetic  (S  =  1/2)  cation  greatly  increased  the  rate  of  QTM  is 
apparently  incorrect.  More  detailed  studies  [12,13]  have  shown  that  changing  the  cation  from  a 
diamagnetic  one  to  a  paramagnetic  one  while  maintaining  the  same  solid  state  structure  does  not 

affect  the  rate  of  QTM  in  the  [Mni2]  SMM. 

[Mn4]  single-molecule  magnets 

There  is  a  growing  family  of  S  =  9/2  SMMs  that  have  the  trigonal  pyramidal 
[Mn^Mn^303X]6+  core  where  the  X  ligand  is  variously  Cl  ,  Br  ,  N3  ,  OH  ,  MeO  ,  or 

Me3SiO  .  There  are  several  reasons  why  these  Mn4  complexes  are  particularly  attractive  for 
study  as  SMMs.  Transverse  interactions  are  such  that  both  thermally  activated  and  temperature- 
independent  ground  state  ( i.e .,  ms  =  -9/2  to  ms  =  9/2)  QTM  can  be  observed  for  these  S  =  9/2 


Figure  2.  Magnetization  hysteresis  loops  for  a  single  crystal  of  (left  plot) 

[Mn403(0SiMe3)(0Ac)3(dbm)3]  (S  -  9/2,  complex  2)  and  (right  plot) 
[Mn4(OAc)2(pdmH)6] (004)2  (complex  3)  at  different  temperatures  and  a 
constant  field  sweep  rate  dHz/dt  =  0.07  T/s. 

SMMs  [12,13].  The  S  =  9/2  M114  SMMs  have  served  well  to  demonstrate  for  the  first  time  two 
important  phenomena:  (1)  the  spin  parity  effect  for  a  half-integer  SMM;  and  (2)  how  magnetic 
exchange  interactions  between  two  SMMs  in  a  crystal  can  dramatically  affect  the  magnetic  field 
at  which  resonant  QTM  occurs. 

The  spin  parity  effect  was  demonstrated  [27]for  the  S  =  9/2  SMM 

[Mn403(0SiMe3)(0Ac)3(dbm)3]  (complex  2)  by  measuring  the  tunneling  splitting  Am,nT  as  a 
function  of  transverse  magnetic  field.  The  results  for  this  S  =  9/2  SMM  were  compared  to  those 
for  two  integer  spin  SMMs,  [Mn4(0Ac)2(pdmH)6](C104)2  (complex  3)  with  S  =  8  and  the  well 
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known  Fes  SMM  with  S  =  10.  Figure  2  shows  the  magnetization  hysteresis  loops  for  single 
crystals  of  (left  plot)  S  =  9/2  M114  SMM  complex  2  and  (right  plot)  S  =  8  Mn4  SMM  complex  3. 
Steps  are  observed  on  the  hysteresis  loops  corresponding  to  resonant  QTM.  Thus,  when  the 
external  field  is  adjusted  so  that  the  levels  on  the  left  and  right  side  of  the  potential  energy 
barrier  are  at  equal  energy,  tunneling  occurs  and  the  rate  of  change  of  the  magnetization 
increases  to  give  a  step.  The  tunnel  splitting  for  a  half-integer  SMM  is  expected  to  be  very 
sensitive  to  a  transverse  magnetic  field:  a  small  field  will  cause  the  tunnel  splitting  for  a  half¬ 
integer  SMM  to  change  dramatically  from  zero.  On  the  other  hand,  the  tunnel  splitting  of  an 
integer  spin  SMM  is  expected  to  change  much  more  gradually  in  response  to  a  transverse  field. 
The  Landau-Zener  model  [28,29]  describes  the  nonadiabatic  transition  between  two  states  in  a 
two-level  system.  When  sweeping  the  longitudinal  field  Hz  at  a  constant  rate  over  an  avoided 
energy-level  crossing,  the  tunneling  probability  P  is  given  in  eqn.  (1): 

-nA2  / 

- ^7 -  (i) 

2-figlAB|  m-m/|po(dHz/dt) 

,  where  m  and  m'  are  the  quantum  numbers  of  the  avoided  level  crossing,  dHz/dt  is  the  constant 
field  sweep  rate  and  "fT  is  Planck’s  constant. 

In  figure  3  are  given  the  plots  of  tunnel  splitting  versus  magnitude  of  transverse  magnetic 
field  obtained  for  single  crystals  of  complexes  2  (S  =  9/2),  3  (S  =  8)  and  the  Fes  SMM  (S  =  10). 
It  is  clear  that  the  response  of  the  tunnel  splitting  with  increasing  transverse  field  is  much  more 
abrupt  for  the  S  =  9/2  complex  than  for  the  other  two  complexes.  This  is  clear  evidence  for  the 
spin  parity  effect.  In  the  ideal  case,  A  =  0  would  be  expected  for  H  =  0  in  the  case  of  this  S  = 
9/2  SMM,  however  this  is  not  found  because  of  the  influence  of  environmental  degrees  of 
freedom  that  can  induce  tunneling.  For  example,  the  Mn  atoms  have  a  nuclear  spin  of  I  =  5/2 
and  this  leads  to  a  small  transverse  magnetic  field  that  is  one  form  of  an  "environmental"  effect. 
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Figure  3.  Tunnel  splitting  for  three  SMMs  as  a  function  of  transverse  field. 

The  tunnel  splitting  is  normalized  by  Ao  =  1 .9,  0.94  and  0.28  x  10 
7 

K,  and  the  transverse  field  is  normalized  by  the  anisotropy  field 
Ha  =  2DS/gpB  =  4.6,  5.1  and  4.0  T  for  complexes  2,  3  and  the  Fes 
SMM,  respectively. 


P  ' 

01411  =  1-exp 
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Magnetic  exchange-biased  QTM  can  be  demonstrated  [30]  for  the  S  =  9/2  SMM 
complex  4,  [Mn403Cl4(02CEt)3(py)3].  In  the  crystal  there  is,  in  fact,  a  dimer  formed  by  two 

of  these  S  =  9/2  M114  complexes.  Six  C-H  Cl  hydrogen  bonding  contacts  and  one  Cl  -Cl 
contact  support  a  weak  anti  ferromagnetic  exchange  interaction  (J  =  -0.05  K  for 

H  =  -2K  S1,/S2)  between  the  two  S  =  9/2  moieties  in  the  [Mn4]2  dimer.  As  shown  in  figure  4, 
this  weak  intradimer  exchange  interaction  leads  to  a  profound  change  on  the  magnetic  field  at 
which  QTM  occurs.  The  first  step  for  the  [Mn4]2  dimer  is  seen  at  -0.33  T  after  saturation  in  a 
field  of  -1.2  T.  Thus,  the  first  step  does  not  occur  at  zero  field,  but  at  -0.33  T;  there  is  an 
exchange  bias.  When  one  S  =  9/2  unit  in  the  [Mn4]2  dimer  tunnels  from  ms  =  -9/2  to  ms  =  9/2, 
the  field  at  which  this  occurs  is  shifted  from  zero  to  -0.33  T.  The  field  dependencies  of  all  of  the 
energy  levels  of  the  [Mn4]2  dimer  can  be  calculated  by  diagonalizing  the  Hamiltonian  matrix 
for  the  [Mn4]2  dimer.  This  explains  not  only  the  -0.33  T  shift  of  the  first  step,  but  the  several 


versus  applied  magnetic  field  (PoH).  The  resulting  hysteresis  loops  are 
shown  at  different  temperatures  (left  plot)  and  different  field  sweep  rates 
(right  plot).  It  is  noted  that  the  loops  become  temperature-independent 
below  about  0.3  K,  but  are  still  sweep-rate-dependent  owing  to  resonant 
QTM  between  discrete  energy  levels  of  the  [Mn4]2  dimer. 


other  step  features  seen  for  this  complex. 

High-frequency  EPR  spectra  obtained  for  the  [Mn4]2  dimeric  complex  definitively 
confirm  the  above  model  for  exchange  biasing  of  QTM.  The  effective  spin  Hamiltonian  for  an 
isolated  S  =  9/2  SMM  can  be  written  as  in  eqn.  (2): 


Hi 


US, 


(2) 


The  first  two  terms  represent  the  axial  and  rhombic  zero-field  interactions,  respectively  and  the 
third  term  is  the  Zeeman  interaction.  The  fourth  term  gauges  fourth  order  zero-field  interactions, 

whereas  the  last  term  Hj  describes  additional  perturbations  attributed  to  disorder,  intermolecular 
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dipolar  and  exchange  interactions.  For  the  [Mn4]2  dimer  the  magnetic  exchange  interaction 

A  A  A  A 

-2J  S ,  •  S2  couples  two  S  =  9/2  units,  each  with  their  own  Hamiltonian  operators  H,  and  H2  to 
give  for  the  dimer  eqn.  (3): 


A  A  A  A  A 

H  =  Hj  +  H2  -2JS1‘S2 


0) 


where  Hl  and  H2  are  given  by  eqn.  (2).  For  the  S  =  9/2  Mn4  unit  there  are  (2S+1)  energy 
levels;  for  the  [Mn4]2  dimer  there  are  (2S+l)x(2S+l)  levels.  Antiferromagnetic  coupling  in  the 
[Mn4]2  dimer  gives  a  Stotal  =  0  ground  state  that  is  degenerate:  (9/2,  -9/2)  and  (-9/2,  9/2) 
where  (msl,  ms2)  specifies  the  spin  state  level  for  the  two  SMMs  in  the  [Mn4]2  dimer.  The 
energies  of  the  low  lying  states  of  the  dimer  are  shown  in  figure  5  as  a  function  of  an  external 
field.  It  can  be  seen  that  when  a  field  is  applied  parallel  to  the  z  axis  (easy  axis)  it  can  be 
increased  to  a  value  such  that  there  is  a  crossing  of  the  degenerate  (-9/2,  9/2)  (9/2,  -9/2)  levels 
and  the  (-9/2,  -9/2)  level,  thereby  changing  the  ground  state.  Due  to  the  exchange  bias,  the 
transition  for  one  Mn4  unit  depends  on  the  state  of  the  other  Mn4  unit.  Thus,  the  lowest-energy 
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Figure  5.  The  low  lying  two-spin  energy  levels  for  the  [Mn4]2  dimer 
plotted  as  a  function  of  magnetic  field.  The  most  important 
levels  have  been  labeled  according  to  the  scheme  described 
in  the  text.  The  calculations  of  these  levels  ignored  the 
transverse  terms  in  eqns.  (2)  and  (3). 

transitions  from  the  two  ground  sates,  i.e.,  (9/2,  -9/2)  to  (9/2,  -7/2)  and  (-9/2,  -9/2)  to  (-9/2,  - 
7/2),  have  slightly  different  energies  even  though  they  both  correspond  to  the  same  -9/2  to  -7/2 
transition  for  one  Mn4  unit. 

Since  many  different  frequencies  can  be  employed  in  the  HFEPR  experiment,  one  can 
tune  the  ground  state  transition  to  the  field  region  where  the  ground  state  level  crossing  occurs  in 
figure  5.  As  can  be  seen  in  figure  6,  a  pronounced  splitting  is  seen  in  the  lowest-field  resonance. 
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The  splitting  is  due  to  the  different  energies  of  the  respective  (9/2,  -9/2)  to  (9/2,  -7/2)  and  (-9/2,  - 
9/2)  to  (-9/2,  -7/2)  ground  state  transitions.  As  will  be  described  in  detail  in  a  later  publication 
[31],  by  following  this  exchange-bias  split  resonance  through  the  exchange  bias  field  region 
(~0.3  T),  it  is  clear  in  figure  6  that  the  intensity  smoothly  transfers  from  one  transition  to  the 
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Figure  6.  A  3D  plot  of  the  ground  state  transitions  for  the  [Mn4]2  dimer  over  a  narrow  field 
and  frequency  range.  A  pronounced  splitting  is  apparent,  which  is  due  to  the 
different  frequencies  of  the  respective  (9/2,  -9/2)  to  (9/2,  -7/2)  and  (-9/2,  -9/2)  to 
(-9/2,  -7/2)  ground  state  transitions. 

other.  This  clearly  establishes  a  change  in  the  [Mn4]2  ground  state  at  -0.3  T.  The  exchange 
bias  model  is  substantiated. 

A  very  recent  paper  [32]  has  shown  that  the  one-molecule  tunnel  picture  of  SMMs  is  not 
always  sufficient  to  explain  the  tunnel  transitions  observed  on  magnetization  hysteresis  loops. 
Dipolar  and  weak  superexchange  interactions  between  molecules  lead  to  two-molecule  tunnel 
transitions  such  due  to  spin-spin  cross  relaxations. 
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CONCLUSIONS 

Half-integer  ground  state  single-molecule  magnets,  such  as  [Mni2]  with  S  =  19/2  or 
21/2  and  Mn4  with  S  =  9/2,  exhibit  resonant  quantum  tunneling  of  magnetization  in  zero 
external  magnetic  field.  The  tunneling  in  these  Kramers  degenerate  systems  in  zero  external 
field  is  due  to  the  presence  of  nuclear  spins  that  create  an  internal  magnetic  field.  A  micro- 
SQUID  array  was  used  to  demonstrate  the  presence  of  the  spin  parity  effects  for  one  S  =  9/2 
Mn4  SMM.  The  tunnel  splitting  of  this  complex  responds  abruptly  to  the  introduction  of  a 
transverse  magnetic  field,  in  contrast  to  the  behavior  seen  for  integer  spin  SMMs.  A  weak 
antiferromagnetic  interaction  between  two  S  -  9/2  Mn4  SMMs  in  a  crystal  is  shown  to  bias  the 
magnetic  field  at  which  QTM  occurs  for  each  S  =  9/2  Mn4  unit  in  the  dimer. 
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ABSTRACT 

We  examine  theoretically  electron  paramagnetic  resonance  (EPR)  lineshapes  as  func¬ 
tions  of  resonance  frequency,  energy  level,  and  temperature  for  single  crystals  of  three 
different  kinds  of  single-molecule  nanomagnets  (SMMs):  Mni2  acetate,  Fe8Br,  and  the 
5  =  9/2  Mn4  compound.  We  use  a  density- matrix  equation  and  consider  distributions  in 
the  uniaxial  (second-order)  anisotropy  parameter  D  and  the  g  factor,  caused  by  possible 
defects  in  the  samples.  Additionally,  weak  intermolecular  exchange  and  electronic  dipole 
interactions  are  included  in  a  mean-field  approximation.  Our  calculated  linewidths  are 
in  good  agreement  with  experiments.  We  find  that  the  distribution  in  D  is  common  to 
the  three  examined  single-molecule  magnets.  This  could  provide  a  basis  for  a  proposed 
tunneling  mechanism  due  to  lattice  defects  or  imperfections.  We  also  find  that  weak 
intermolecular  exchange  and  dipolar  interactions  are  mainly  responsible  for  the  tem¬ 
perature  dependence  of  the  lineshapes  for  all  three  SMMs,  and  that  the  intermolecular 
exchange  interaction  is  more  significant  for  M114  than  for  the  other  two  SMMs.  This 
finding  is  consistent  with  earlier  experiments  and  suggests  the  role  of  spin-spin  relax¬ 
ation  processes  in  the  mechanism  of  magnetization  tunneling. 

INTRODUCTION 

Single-molecule  magnets  (SMMs)  have  recently  been  the  focus  of  much  attention 
because  of  the  possibility  of  macroscopic  quantum  tunneling  of  their  magnetizations 
[1,  2]  and  possible  applications  in  magnetic  storage  devices  and  quantum  computers 
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[3].  SMMs  are  composed  of  identical  single-domain  nanoscale  molecules,  comprised  of 
a  core  of  several  transition-metal  ions  surrounded  by  many  different  species  of  atoms, 
and  they  have  a  large  effective  spin.  The  characteristics  of  SMMs  are  relatively  weak 
exchange  and  dipolar  interactions  between  molecules,  a  large  zero-field  energy  barrier 
against  magnetization  reversal,  and  magnetization  steps  in  their  hysteresis  loops,  which 
indicate  quantum  tunneling  despite  the  large  spin  values  [4,  5,  6,  7,  8]. 

In  this  paper,  we  examine  three  different  molecular  magnets,  which  are  briefly 
described  in  the  following.  The  most  extensively  studied  single- molecule  magnet  is 
[Mn120i2(CH3C00)16(H204)]*2CH3C00H-4H20  (abbreviated  hereafter  as  Mni2),  which 
was  first  synthesized  by  Lis  [9].  Each  molecule  in  Mni2  has  an  effective  spin  of  S  =  10. 
It  is  a  uniaxial  system  with  a  zero-field  energy  barrier  against  magnetization  rever¬ 
sal  of  65  K  [5,  6,  7].  Another  well-studied  magnet  is  [Fe802(0H)12(tacn)6]Br8-9H20 
(abbreviated  as  Fe8)  [10].  Each  molecule  in  Fe8  also  has  a  spin  of  S  =  10  with  a 
magnetization-reversal  barrier  of  30  K  [11,  12].  This  is  a  biaxial  system  so  exhibits 
oscillations  in  tunneling  rates  with  transverse  magnetic  field  [13].  Recently  synthesized 
is  [Mri403 (OSiMe)3 (02CEt)3(dbm)3]  (abbreviated  as  Mn4).  Each  molecule  in  Mn4  con¬ 
sists  of  two  kinds  of  Mn  ions  with  mixed  valence:  three  Mn3+  ( S  =  2)  and  one  Mn4+ 
(5  =  3/2)  are  located  in  a  distorted  cubane  structure  and  antiferromagnetically  coupled 
to  give  a  ground-state  spin  of  S  =  9/2.  The  approximate  magnetization- reversal  energy 
barrier  is  13  K  in  zero  field  [14].  All  three  of  these  SMMs  show  clear  magnetization  steps 
in  hysteresis  loops  below  their  blocking  temperatures. 

Recently,  electron  paramagnetic  resonance  (EPR)  experiments  [12,  14,  15,  16]  on 
single  crystals  of  these  SMMs  showed  interesting  results  for  the  lineshapes  as  a  function 
of  EPR  resonance  frequency,  energy  levels  involved  in  the  EPR  transitions,  and  tem¬ 
perature.  The  temperatures  employed  are  in  the  2—50  K  range,  and  the  frequencies 
are  in  the  40—190  GHz  range.  We  focus  on  the  case  when  the  magnetic  field  is  applied 
along  the  easy  axis  at  fixed  frequency.  In  this  case,  the  measured  linewidths  are  much 
broader  than  the  homogeneous  line  broadening  caused  by  the  lifetimes  of  the  energy 
levels,  and  the  linewidths  increase  as  lower  energy  levels  are  involved  with  the  EPR 
transitions.  Additionally,  some  interesting  features  have  been  observed  in  the  tempera¬ 
ture  dependence  of  the  linewidths  and  lineshapes  of  the  EPR  spectra  [6,  12,  14,  15,  16]. 
These  temperature  dependences  were  different  for  different  molecular  magnets.  In  this 
paper,  we  summarize  our  theoretical  understanding  of  the  linewidths’  dependence  on 
frequency,  energy  level,  and  temperature  for  the  three  molecular  magnets,  Mn12,  Fe8, 
and  Mn4.  We  also  provide  quantitative  comparison  of  our  calculated  results  with  exper¬ 
imental  data.  The  theoretical  results  on  Mn4  are  preliminary  and  work  on  this  system 
is  still  in  progress. 

MODEL 

We  start  with  a  single-spin  effective  Hamiltonian  considering  embedded  symmetry 
in  each  molecule  and  calculate  the  resonance  linewidths  using  a  density-matrix  equation 
[17].  We  find  that  an  entirely  single-spin  picture  cannot  explain  even  qualitative  trends  in 
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the  experimental  data.  Thus,  it  is  inevitable  to  include  many-body  effects.  As  a  simple 
start,  we  assume  that  the  second-order  uniaxial  anisotropy  parameter,  D,  and  the  g 
factor  may  not  be  the  same  for  all  molecules.  The  microscopic  origin  of  the  distribution 
in  D  has  not  yet  been  fully  understood  [18,  19].  In  addition,  each  molecule  may  interact 
with  the  rest  of  the  molecules  through  exchange  and/or  dipolar  interactions.  Details  of 
the  model  and  the  technique  are  discussed  in  Refs.  [15,  20,  21,  22].  This  section  is  based 
in  part  on  our  earlier  work  [15,  20]. 

Since  each  molecule  in  Mni2  has  approximate  S4  symmetry,  the  dominant  single-spin 
Hamiltonian  reads,  with  applied  magnetic  field  along  the  easy  magnetization  axis  (z 
axis), 

Ho  =  ~DS2Z  -  CS\  -  g(iBHSz  ,  (1) 

where  D  =  0.55  K,  C  =  1.17  x  10-3  K,  and  g  =  1.94  [5].  The  SMM  Fe8  has  approximate 
D2  symmetry,  so  the  Hamiltonian  reads 

n0  =  —DS2Z  —  E{Sl  —  S2)  —  giisHSz  ,  (2) 

where  D  —  0.288  K,  E  =  0.043  K,  and  g  =  2.0  [12].  In  our  calculations  for  Fe8,  we 
neglect  the  small  E  term  because  we  are  interested  in  the  case  with  the  applied  field 
along  the  easy  axis.  The  SMM  Mn4  has  C3  symmetry,  so  the  Hamiltonian  reads 

Ho  =  ~DS2Z  —  CSZ  —  9HbH Sz  ,  (3) 

where  D  =  0.632  K,  C  =  3.12  x  10~3  K,  and  g  =  2.0  [14]. 

We  now  introduce  an  interaction  V(t)  between  the  spin  system  and  an  oscillating 
transverse  magnetic  field  Hx  with  angular  frequency  w  =  v.  The  interaction  of  the  spin 
system  with  the  environment  is  governed  by  a  time  dependent  density-matrix  equation 
[17,  23].  The  power  absorption  between  the  energy  levels  Ms  and  Ms  -  1  from  the 
oscillating  field,  up  to  first  order  in  Vo  and  near  resonance  (with  a  fixed  value  of  D),  is 
written  as 

(4) 

(5) 

(6) 

where  Vo  is  the  strength  of  the  interaction  V(t),  £ms  is  the  energy  of  the  level  Ms, 
pMa  is  the  population  of  the  level  Ms,  A  (H)  is  a  Lorentzian  lineshape  function,  and 
Hres  is  the  resonance  field  for  Mnj2  and  Mn4.  (For  Fe8  there  is  no  C  term.)  The  ratio 
hlM8-\,M8I 9^b  gives  a  linewidth  due  to  the  finite  lifetime  of  any  excited  state.  The 
linewidths  determined  by  7Ma-i,A/a  are  on  the  order  of  several  to  several  tens  of  gauss 
at  the  measured  temperature  (10  K  for  Fe8  and  Mn4  and  25  K  for  Mn12),  and  they 


d^  =  (£m,— £Md\iM9\V0\M.-  l)\2A(H)(pMa  -  pm.-i)  , 

A/  ff\  =  _ _ 

i  J  -  Htesy  +  (hlMc. 

tkj  -  D(2MS  -  1)  -  C(4Mf  -  ml  +  4 Ms  -  1) 
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decrease  with  increasing  Ms.  (In  our  convention,  Ms  =  +10  is  the  ground  state  with 
H  >  0.)  However,  the  measured  linewidths  increase  with  increasing  Ms,  and  the  order 
of  magnitude  of  the  widths  is  a  couple  of  hundred  to  a  thousand  gauss.  Additionally,  the 
dramatic  temperature  dependence  of  the  linewidths  cannot  be  explained  by  homogeneous 
broadening  alone. 

To  resolve  this  discrepancy,  we  include  distributions  in  D  and  g,  (called  D- strain 
and  ^-strain  effects,  respectively)  and  inter  molecular  exchange  and  dipolar  interactions. 
With  Gaussian  distributions  in  D  and  g,  centered  at  the  experimentally  determined 
values  and  with  small  standard  deviations  and  ag ,  we  can  average  the  power  absorp¬ 
tion  (equation  4)  over  the  distributions.  To  calculate  the  effect  on  the  linewidths  of  the 
intermolecular  exchange  and  dipolar  interactions  with  fixed  D  and  g,  we  use  a  multispin 
Hamiltonian  [20,  21,  22]: 


ntot  =  £[Wot  +  y.(t)  ]  +  W(D  )  U{1)  =  wdipole  +  nexch , 

i 

^dipole  =  W'Ajk(SrSkl-3S^k), 

Z  jk 


o/exch  f  \  '  /  t  q  c 

n  =  9  2^  Jjk  , 

Z  3k 


(7) 

(8) 

(9) 

(10) 


where  Hoi  is  the  single- spin  Hamiltonian  for  the  zth  molecule,  the  sum  runs  over 
all  molecules,  and  Vi(t)  is  the  interaction  between  the  ith  molecule  and  the  oscillating 
transverse  field.  Here  pole  is  the  dipolar  interaction  between  the  molecules,  and  Cjk 
are  the  direction  cosines  of  the  vector  between  molecules  j  and  k  (ry*.)  relative  to  the 
easy  axis  (z  axis).  The  sum  Yljk  runs  over  all  molecules,  so  that  any  two  indices  are 
not  the  same.  ‘7^exch  is  the  isotropic  exchange  interaction  between  the  spins  of  nearest- 
neighbor  molecules,  where  the  exchange  coupling  constant  is  J  if  the  ith  and  jth 
spins  are  nearest  neighbors  and  zero  otherwise.  Assuming  that  V*(i)  is  much  smaller 
than  which  again  is  much  smaller  than  we  neglect  Vi(t)  and  treat  7i ^ 

perturbatively.  In  a  mean-field  approximation,  the  sums  of  Ajk  and  Jjk  (equations  9 
and  10)  can  be  separated  from  the  spin  operators. 

Using  the  multispin  Hamiltonian,  we  construct  a  probability  density  function  for 
the  resonance  field.  To  compare  with  the  measured  linewidths,  we  calculate  the  second 
central  moment  of  the  resonance  field,  (( H  —  ( H })2),  to  zero  order  in  VS^/kBT.  To 
explain  the  experimental  data,  we  need  to  vary  two  parameters  for  the  D-strain  and 
<+strain  effects,  and  to  vary  three  parameters  [20]  for  the  contribution  of  the  spin-spin 
interactions:  J?j,  T  =  A?j,  and  A  =  Ylij  JijAj • 


RESULTS  AND  DISCUSSION 


We  find  that  the  uniaxial  anisotropy  parameter  D  is  randomly  distributed  in  all 
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three  of  the  molecular  magnets.  This  may  be  due  to  possible  defects  or  imperfections  in 
the  the  samples.  For  Mni2  and  Mn4,  the  distribution  in  the  g  factor  is  also  important, 
although  this  effect  is  not  significant  for  Fe8.  The  spreads  in  D  and  g  vary  from  sample 
to  sample  by  30—40%.  The  effect  of  the  distribution  in  D  on  inhomogeneous  broaden¬ 
ing  was  observed  in  terahertz  spectroscopy  for  Mni2  [24].  The  temperature  dependence 
of  the  linewidths  is  mainly  caused  by  the  spin-spin  interactions.  The  dipolar  field  was 
measured  in  a  millimeter- wave  study  of  Fe8  [25].  For  Mn4,  the  intermolecular  exchange 
interaction  is  stronger  than  the  dipolar  interaction,  which  is  consistent  with  experiments 
on  Mn4  dimers  [26]  and  monomers  [27,  28].  For  clarity,  we  discuss  each  SMM  separately. 

Fe8 


We  find  that  for  Fe8  the  distribution  in  D  and  the  intermolecular  exchange  and 
dipolar  interactions  contribute  to  the  linewidths.  The  distribution  in  D  makes  the 
linewidth  increase  with  increasing  energy  level  Ms,  which  can  be  seen  from  the  resonance- 
field  expression  (equation  6).  The  intermolecular  exchange  and  dipolar  interactions 
make  the  linewidths  increase  with  increasing  Ms  and  with  decreasing  the  resonance 
frequency  v.  The  reason  is  that  the  resonance  field  decreases  with  increasing  Ms  and 
with  decreasing  i/,  which  can  be  understood  by  equation  6.  Combining  the  effect  of  the 
distribution  in  D  with  the  exchange  and  dipolar  interactions  explains  well  the  trend  and 
the  magnitude  of  the  measured  linewidths  as  functions  of  frequency  and  energy  level 
[15], 

Next  we  discuss  the  temperature  dependence  of  the  linewdiths.  The  distribution  in  D 
alone  cannot  explain  the  interesting  measured  temperature  dependence  of  the  linewidths 
shown  as  symbols  in  figure  1  (a).  The  reason  is  that  the  linewidths  caused  by  the  distri¬ 
bution  in  D  are  only  slightly  temperature  dependent  due  to  the  temperature  dependence 
of  the  natural  linewidths  hlMa-\,Msl  9V>b  m  equation  5.  So  this  weak  temperature  depen¬ 
dence  is  monotonic  and  noticeable  only  for  the  small  Ms  (at  most  about  100  G  at  30  K 
for  Ms  =  3)  [20] .  However,  the  linewidths  caused  solely  by  the  exchange  and  dipolar  in¬ 
teractions  at  fixed  D  and  g  vary  significantly  with  temperature,  as  shown  in  figure  1  (b). 
For  the  ground  state  Ms  =  10,  the  linewidths  decrease  with  increasing  temperature  in 
the  whole  temperature  range.  For  Ms  =  9,  8,  and  7,  the  widths  first  increase  sharply 
with  temperature  at  low  temperatures,  and  then  decrease  slowly  with  temperature  at 
high  temperatures.  For  Ms  =  6,  5,  4,  and  3,  the  widths  increase  with  increasing  tem¬ 
perature  in  the  whole  range.  This  trend  was  also  seen  in  the  experimental  linewidths, 
confirming  that  the  exchange  and  dipolar  interactions  are  crucial  to  understanding  the 
temperature  dependence  of  the  linewidths.  The  calculated  linewidths  including  the  dis¬ 
tribution  in  D  and  the  spin-spin  interactions  are  shown  as  curves  in  figure  1  (a).  Here  we 
use  <jd  ~  0.0064  D,  J  —  — 7  G,  T  —  86  G2,  and  A  =  — 156  G2.  The  calculated  linewidths 
agree  with  the  measured  linewidths  except  in  the  low-temperature  range  for  large  Ms 
transitions  ( Ms  =  10,  9,  8).  At  present,  we  do  not  fully  understand  this  discrepancy.  We 
note  that  the  quality  of  the  fit  that  includes  a  small  ferromagnetic  exchange  interaction 
is  comparable  with  that  without  exchange  interaction,  because  the  exchange  coupling 
constant  is  small  compared  with  the  linewidths [29]. 
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Figure  1:  (a)  Calculated  (curves)  and  measured  (symbols)  FWHM  vs  temperature  at 
v  116.9  GHz  for  Fes.  Here  the  standard  deviation  of  D,  <7d  ~  0.0064Z),  the  exchange 
constant  J  =  -7  G,  T  =  J^^/N  =  86  G2,  and  A  -  £ ^J^/N  =  -156  G2. 
The  solid  curves,  from  bottom  to  top,  correspond  to  Ma  =  3, 4,  10.  (b)  Calculated 

FWHM  caused  by  the  exchange  and  dipolar  interactions  only,  shown  vs  temperature  at 
v  =  116  GHz  for  Fe8.  Here  J  =  -7  G,  V  =  86  G2,  and  A  =  -156  G2.  Cited  from 
Ref.  [20]. 


Mn12 


We  find  that  the  inhomogeneous  line  broadening  for  Mni2  is  due  to  the  distributions 
in  D  and  g ,  and  to  the  dipolar  interactions.  The  distribution  in  D  contributes  to  the 
variation  of  the  linewidth  as  a  function  of  Ms  and  v  in  the  same  way  as  for  Fe8.  The 
distribution  in  g  makes  the  linewidths  decrease  with  increasing  Ms  and  decreasing  v, 
which  is  opposite  to  the  effect  of  the  distribution  in  D.  The  reason  is  that  the  resonance 
field  decreases  with  increasing  Ms  and  decreasing  u.  The  temperature  dependence  of  the 
linewidths  caused  by  only  the  distributions  in  D  and  g  is  very  weak,  so  that  it  cannot 
explain  the  measured  linewidths  shown  as  symbols  in  figure  2  (a),  which  is  similar  to 
those  for  Fe8.  The  contribution  of  the  dipolar  interactions  to  the  linewidths  is  shown 
as  a  function  of  temperature  in  figure  2  (b).  Unlike  for  Fe8,  the  Ms  dependence  of  the 
dipolar  broadening  does  not  decrease  with  increasing  temperature  (the  curves  are  almost 
parallel  as  the  temperature  increases).  Combining  the  three  effects  (distributions  in  D 
and  g)  and  dipolar  interactions),  we  find  that  the  calculated  linewidths  agree  well  with 
the  experimental  data  with  gd  ~  0.018D,  ag  -  0.002s,  and  T  =  203  G2,  as  shown 
in  figure  2  (a).  Compared  to  the  linewidths  for  Fe8,  the  relatively  weak  temperature 
dependence  for  Mn^2  indicates  that  for  Mnj2  the  dipolar  broadening  is  overshadowed 
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Figure  2:  (a)  Calculated  (curves)  and  measured  (symbols)  FWHM  vs  temperature  at 
v  =  189.123  GHz  for  Mni2.  Here  the  D  strain  ( aD  ~  0.018.D),  g  strain  ( ag  ~  0.002^), 
and  the  dipolar  interactions  (r  =  203  G2)  are  included  in  the  calculated  linewidths.  (b) 
Calculated  FWHM  caused  by  the  dipolar  interactions  only,  shown  vs  temperature,  at 
v  —  189.123  GHz  with  T  =  203  G2  for  Mni2.  The  examined  temperature  range  for  Mn12 
is  from  10  K  to  40  K.  Cited  from  Ref. [20]. 


by  the  effect  of  the  distribution  in  D,  which  is  three  times  as  wide  as  for  Fe8.  With 
the  same  parameter  values,  we  also  check  that  the  Ms  and  frequency  dependence  of  the 
measured  linewidths  can  be  explained. 

Mn4 


We  find  that  for  Mn4  all  of  our  considerations  of  the  many-body  effects  -  the  dis¬ 
tributions  in  D  and  g,  and  the  intermolecular  exchange  and  dipolar  interactions  -  sub¬ 
stantially  affect  the  inhomogeneous  broadening.  One  minor  difference  of  this  SMM  from 
the  other  two  SMMs  is  that  the  effect  of  the  distribution  in  D  disappears  in  the  tran¬ 
sition  Ms  =  1/2  — *  — 1/2  because  the  resonance  field  (equation  6)  does  not  depend  on 
D  at  this  transition.  To  examine  the  temperature  dependence  of  the  linewidths  caused 
solely  by  D- strain  and  ^-strain,  we  used  the  same  spin-phonon  coupling  parameters  as 
for  Mni2[23]  to  obtain  the  order  of  magnitude  of  the  lifetimes  of  the  energy  levels.  As 
expected  from  the  analysis  of  the  two  other  SMMs,  we  also  find  that  for  Mn4  the  dis¬ 
tributions  in  D  and  g  do  not  significantly  change  the  dependence  of  the  linewidths  on 
temperature. 

Figure  3  (a)  shows  the  calculated  linewidths  caused  by  the  exchange  and  dipolar 
interactions  only  at  fixed  D  and  g  versus  temperature  at  u  =  138  GHz.  Here  we 
use  the  exchange  coupling  constant  J  =  -40  G,  two  nearest  neighbors  along  the  easy 
axis  (because  the  nearest-neighbor  distance  along  this  direction  is  half  of  the  nearest- 
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Figure  3:  (a)  Calculated  linewidths  due  to  the  exchange  and  dipolar  interactions  only 
vs  temperature  at  v  =  138  GHz  for  Mn4.  Here  we  use  the  exchange  coupling  constant 
J  =  -40  G,  A  =  Ey  JijAij/N  =  -1854.8  G2,  and  T  =  Ey  A%/N  =  344  G2.  (b)  The 
same  linewidths  as  in  (a)  when  the  sign  of  J  is  flipped  and  the  other  parameter  values 
are  kept  the  same. 


neighbor  distance  perpendicular  to  this  direction),  A  =  ^  JijAj/N  =  -1854.8  G2, 
and  T  =  J2ij  N  =  344  G2.  The  negative  sign  in  J  means  ferromagnetically  coupled 
spins.  If  we  assume  the  approximate  lattice  geometry  as  a  tetragonal  lattice  and  take 
the  easy  axis  as  the  crystal  c  axis,  then  we  know  that  the  sign  of  A  should  be  the 
same  as  that  of  J .  We  explore  some  other  possibilities  of  combining  the  exchange  with 
the  dipolar  interaction.  For  example,  figure  3  (b)  shows  the  linewidths  due  to  positive 
J  (antiferromagnetically  coupled)  and  the  dipolar  interaction.  With  positive  J,  the 
linewidth  for  Ma  =  9/2  is  greatly  reduced  and  the  linewidth  for  Ms  =  1/2  is  appreciably 
enhanced.  This  feature  is  quite  different  from  the  broadening  with  negative  J. 

Figure  4  shows  the  calculated  linewidths  versus  temperature  at  v  =  138  GHz.  Here 
we  use  (jD  =  0.01D,  og  =  0.0040,  J  =  -40  G,  A  =  -1854.8  G2,  and  T  =  344  G2. 
The  calculated  linewidths  agree  reasonably  with  the  experimental  data  except  for  the 
transition  Ms  =  1/2  — >  —1/2.  Notice  that  the  magnitudes  of  the  values  of  J  and  A 
are  greatly  enhanced  compared  to  those  for  Fe8.  This  suggests  that  Mn4  has  a  stronger 
exchange  interaction  between  molecules  than  Fe8.  Our  value  for  J  is  different  by  a  factor 
of  2  from  the  experimentally  extracted  value,  J  =  - 74  G  [27].  Therefore,  our  finding 
may  support  the  proposed  mechanism  of  spin-spin  cross  relaxation  in  Mn4  [27]. 

With  the  same  parameter  values,  we  can  explain  the  frequency  dependence  of  the 
linewidths  at  T  =  10  K  shown  in  figure  5.  Although  there  are  substantial  distributions 
in  D  and  g,  the  widths  are  somewhat  dependent  on  the  frequency,  which  indicates  that 
the  spin-spin  interactions  are  not  completely  overshadowed  by  the  ZTstrain  and  0-strain 
effects  as  in  Mni2.  But  definitely  the  frequency  dependence  is  stronger  than  for  Mni2 
but  weaker  than  for  Fe8. 
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Figure  4:  Calculated  (curves)  and  measured  (symbols)  FWHM  vs  temperature  at 
v  =  138  GHz  for  Mn4.  Here  we  use  ou  =  0.01D,  <rg  =  0.004#,  J  =  —40  G5 
A  =  Eij  JijAj/N  =  —1854.8  G2,  and  T  =  YlijA^/N  =  344  G2.  The  solid  curves, 
from  bottom  to  top,  correspond  to  Ms  =  1/2, 3/2,  ...,9/2. 


CONCLUSIONS 

We  investigated  the  EPR  lineshapes  as  functions  of  resonance  frequency  i/,  energy 
level  Ma,  and  temperature  T  for  the  three  different  molecular  magnets,  Mni2,  Fes,  and 
Mn4,  when  the  magnetic  field  is  applied  along  the  easy  axis  and  the  frequency  is  kept 
fixed.  In  our  calculations,  intermolecular  exchange  and  dipolar  interactions  were  in¬ 
cluded,  as  well  as  distributions  in  the  uniaxial  anisotropy  parameter  D  and  the  g  factor. 
We  find  that  the  distribution  in  D  is  present  in  all  three  SMMs  but  that  the  effect  is 
strongest  in  Mn12,  and  that  the  distribution  in  g  contributes  to  the  linewidths  for  Mni2 
and  Mn4.  The  spin-spin  interactions  are  responsible  for  the  interesting  trend  of  the  tem¬ 
perature  dependent  lineshapes  for  all  three  magnets.  For  Mn4,  the  exchange  interaction 
is  stronger  than  the  dipolar  interaction,  which  supports  the  conclusions  derived  from 
the  earlier  measurements [27].  The  linewidths  for  the  three  magnets  reveal  different  MS) 
v,  and  T  dependences  because  of  different  contributions  from  the  effects  we  are  con¬ 
sidering.  Observation  of  EPR  lineshapes  could  indicate  which  effects  are  dominant  in 
a  particular  SMM,  so  that  we  may  identify  which  mechanism  leads  to  quantum  tunneling. 
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Figure  5:  Calculated  (curves)  and  measured  (symbols)  FWHM  vs  energy  level  M$  at 
T  =  10  K  for  v  —  72,  88,  117,  126,  138,  and  146  GHz  for  Mn,*.  Here  the  values  of  <jp, 
(Tgy  J,  r,  and  A  are  the  same  as  those  in  figure  4. 
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ABSTRACT 

We  report  high  frequency  electron  paramagnetic  resonance  (EPR)  investigations  of  a  series 
of  high  spin  (total  spin  up  to  S  =  10)  manganese  and  nickel  complexes  which  have  been  shown 
to  exhibit  single  molecule  magnetism,  including  low  temperature  (below  -  IK)  hysteresis  loops 
and  resonant  magnetic  quantum  tunneling.  A  cavity  perturbation  technique  enables  high 
sensitivity  oriented  single  crystal  EPR  measurements  spanning  a  very  wide  frequency  range  (16 
to  200+  GHz).  Fitting  of  the  frequency  and  field  orientation  dependence  of  EPR  spectra  allows 
direct  determination  of  the  effective  spin  Hamiltonian  parameters.  Studies  on  a  range  of 
materials  with  varying  (approximately  axial)  site  symmetries  facilitates  an  assessment  of  the  role 
of  transverse  anisotropy  (terms  in  the  Hamiltonian  that  do  not  commute  with  Sz )  in  the  magnetic 
quantum  tunneling  phenomenon. 

INTRODUCTION 

Single  molecule  magnets  (SMMs)  have  stimulated  considerable  experimental  and  theoretical 
research  interest  since  the  discovery  of  resonant  quantum  tunneling  of  the  magnetization  (QTM) 
in  Mni2-acetate  in  1996  [1],  Their  main  attraction  is  an  intrinsic  bistability  which  is  realized  via  a 
large  spin  ground  state  (up  to  26  fa)  and  a  significant  axial  (easy-axis)  magnetocrystalline 
anisotropy  [2,3].  This  bistability  has  aroused  great  interest  in  terms  of  the  use  of  SMMs  in  future 
molecular  devices  [4].  When  grown  as  single  crystals,  the  SMM  unit  is  monodisperse — each 
molecule  in  the  crystal  has  the  same  spin,  orientation,  magnetic  anisotropy  and  structure.  Thus, 
SMMs  enable  fundamental  studies  of  properties  intrinsic  to  magnetic  nanostructures  that  have 
previously  been  inaccessible. 

All  of  the  SMMs  of  interest  possess  a  dominant  uniaxial  magnetocrystalline  anisotropy  and, 
to  lowest  order,  the  effective  spin  Hamiltonian  may  be  written 

H=DS]  +jJi,B.g.S  +  H',  (1) 

where  D  (<  0)  is  the  uniaxial  anisotropy  constant,  the  second  term  represents  the  Zeeman 
interaction  with  an  applied  field  B ,  and  H '  includes  higher  order  terms  in  the  crystal  field,  as 
well  as  environmental  couplings  such  as  intermolecular  dipolar  and  exchange  interactions  [1-7]. 
This  Ising-type  anisotropy  is  responsible  for  the  energy  barrier  to  magnetization  reversal  and  the 
resulting  magnetic  bistability  -  factors  which  lead  to  magnetic  hysteresis  at  sufficiently  low 
temperatures  [1-3].  Unlike  bulk  magnets,  this  hysteresis  is  intrinsic  to  each  individual  molecule  - 
hence  the  term  SMM.  However,  essentially  all  SMMs  continue  to  exhibit  slow  magnetic 
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relaxation,  even  as  T  — »  0  K.  This  low  temperature  relaxation  is  due  to  quantum  tunneling, 
whereby  non-axially  symmetric  interactions  in  H '  cause  the  mixing  of  states  of  opposite 
magnetic  polarity  necessary  for  tunneling  to  occur  [2,3]. 

One  of  the  major  goals  in  the  design  of  future  SMMs  is  to  be  able  to  control  QTM  so  that  it 
may  be  exploited  for  possible  applications.  For  example,  tunneling  should  be  suppressed  if  one  is 
to  use  SMMs  for  data  storage  applications,  whereas  an  ability  to  switch  coherent  tunneling  on 
and  off  could  prove  useful  for  quantum  computation  [4],  Tunnel  rates  depend  on  the  degree  of 
symmetry  breaking  (  H ' ),  which  is  something  which  can  be  determined  very  precisely  via  single 
crystal  EPR  measurements  [5-9].  However,  the  (25  +  l)-fold  quantum  energy  level  structure 
associated  with  a  large  molecular  spin  5  necessitates  spectroscopies  spanning  a  wide  frequency 
range.  Furthermore,  large  zero-field  level  splittings,  due  to  the  significant  magnetocrystalline 
anisotropy  (large  |Z>| )  and  large  total  spin  5,  demand  the  use  of  frequencies  and  magnetic  fields 

considerably  higher  (50  GHz  to  1  THz,  and  up  to  10+  tesla  respectively)  than  those  typically 
used  by  the  majority  of  EPR  spectroscopists.  An  important  breakthrough,  therefore,  in  the 
spectroscopy  of  SMMs  has  been  the  development  of  sensitive  cavity  perturbation  techniques  for 
carrying  out  multi-high-frequency  (20  to  200+  GHz)  EPR  measurements  on  single  crystals  [5- 
10].  In  particular,  this  technique  leads  to  at  least  a  three  orders  of  magnitude  improvement  in 
detection  sensitivity  relative  to  conventional  single-pass  multi-high- frequency  EPR  techniques, 
which  opens  up  many  important  new  avenues  for  probing  SMMs,  Furthermore,  as  we  shall 
demonstrate  in  this  article,  studies  on  oriented  single  crystals  enable  precise  characterizations  of 
weak  interactions  in  H '  which  turn  out  to  be  crucial  as  far  as  QTM  is  concerned. 

The  article  is  organized  as  follows:  in  the  next  section,  we  describe  our  experimental  setup 
and  procedures  in  detail,  with  emphasis  on  high-frequency  EPR  applications;  this  account  of  our 
technique  expands  upon  an  earlier  article  [10]  which  deals  with  the  construction  and 
characterization  of  cavity  based  microwave  instrumentation  for  probing  the  electrodynamic 
response  of  conducting  samples.  We  then  provide  a  series  of  brief  examples  of  the  unique 
capabilities  of  this  instrumentation,  with  emphasis  on  multi-frequency  oriented  single  crystal 
measurements.  This  is  followed  by  a  short  summary. 

EXPERIMENTAL 

Documented  lack  of  resolution,  sensitivity  and/or  various  experimental  artifacts  have  been 
known  to  affect  most  high  frequency  EPR  investigations  of  SMMs  to  date.  First  of  all,  the  low 
sensitivity  usually  limits  possible  studies  to  powder  samples  or  aligned  polycrystals,  since  single 
crystals  are  typically  too  small  to  detect  a  useful  EPR  signal.  Even  in  the  case  of  large 
polycrystalline  samples,  often  only  a  few  transitions  are  observed  [1 1,12].  Furthermore, 
misalignment  of  polycrystals,  stresses  in  pressed  powders,  or  uncontrolled  field-alignment  of 
micro-crystallites  in  loose  powders  are  all  factors  which  may  introduce  unwanted  experimental 
artifacts,  particularly  as  far  as  EPR  lineshape  analyses  are  concerned.  In  addition,  it  is  commonly 
stated  that  observed  EPR  lineshapes  cannot  be  analyzed  because  they  contain  uncontrollable 
distortions  caused  by  standing  waves  in  the  sample  probe,  which  result  in  a  mixing  of  the 
dissipative  and  reactive  sample  response  [13,14,15].  As  an  example,  it  has  been  reported  in  [14] 
that  the  linewidths  in  FegBr  approximately  scale  as  Ms2  (where  Ms  is  the  spin  projection  of  the 
state  from  which  the  transition  is  excited),  whereas  our  earlier  studies  [5-9]  have  shown  a 
dominant  linear  dependence  of  the  linewidths  on  Ms,  both  for  Fe8Br  and  Mni2-acetate. 
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As  we  will  show  in  the  following  results  section,  measurements  on  single  crystals  are 
essential  for  studies  of  SMMs,  as  are  several  other  unique  aspects  of  our  technique.  For  example, 
contrary  to  recent  assertions  [15],  we  are  able  to  obviate  essentially  all  instrumental  artifacts  that 
could  influence/distort  EPR  line  shapes.  In  addition,  our  ability  to  measure  at  many  frequencies, 
temperatures  and  field  orientations  enables  us  to  distinguish  between  many  contributions  to  the 
EPR  line  widths  and  shapes.  These  include:  inter-SMM  and  hyperfine  dipolar  fields; 
distributions  in  crystal  field  parameters;  and  spin-lattice  interactions.  Indeed,  each  of  these 
effects  have  been  discussed  extensively  in  the  QTM  literature,  e.g.  dipolar  fields  [16],  distributed 
crystal  field  parameters  caused  by  dislocations  [17,18]  or  solvent  and  ligand  disorder  [19],  and 
hyperfine  interactions  [20]. 

The  high  degree  of  sensitivity  required  for  single  crystal  measurements  is  achieved  using  a 
resonant  cavity  perturbation  technique  in  combination  with  a  broad-band  Millimeter-wave 
Vector  Network  Analyzer  (MVNA)  exhibiting  an  exceptionally  good  signal-to-noise  ratio;  a 
detailed  description  of  this  instrumentation  can  be  found  in  ref.  [10].  The  MVNA  is  a  phase 
sensitive,  fully  sweepable  (8  to  500+  GHz  [10]),  superheterodyne  source/detection  system. 
Several  sample  probes  couple  the  network  analyzer  to  a  range  of  high  sensitivity  cavities 
(Q  -factors  of  up  to  25,000)  situated  within  the  bore  of  a  7  tesla  superconducting  magnet.  The 
MVN A/cavity  combination  has  been  shown  to  exhibit  a  sensitivity  of  at  least  109  spins. G^.s-1, 
which  is  comparable  with  the  best  narrow-band  EPR  spectrometers.  This,  coupled  with  newly 
acquired  sources  and  a  split-pair  magnet,  enables  single  crystal  measurements  at  any  frequency 
in  the  range  from  8  to  500  GHz,  at  temperatures  down  to  1.5  K.  (±0.01  K),  and  for  any 
geometrical  combination  of  DC  and  AC  field  orientations  up  to  7  T  (up  to  45  T  at  the  National 
High  Magnetic  Field  Laboratory). 

The  use  of  a  narrow  band  cavity  offers  many  important  advantages  over  non-resonant 
methods  (see  e.g.  refs  [5,8-10]).  Careful  consideration  concerning  the  coupling  of  radiation  to 
and  from  the  cavity  (via  waveguide),  combined  with  the  ability  to  study  very  small  samples, 
eliminates  problems  associated  with  standing  waves  in  the  sample  probe  [10].  This,  in  turn, 
eliminates  a  mixing  of  the  dissipative  and  reactive  responses  of  the  sample  under  investigation 
and,  when  combined  with  a  vector  detection  scheme,  enables  faithful  extraction  of  the  true  EPR 
lineshapes  (both  the  real  and  imaginary  components),  free  from  instrumental  artifacts.  One  other 
notable  feature  of  the  superheterodyne  scheme  is  its  detection  rate  of  34  MHz;  thus,  there  is  no 
need  for  field  modulation,  unlike  other  high  field  EPR  methods  [13].  Consequently,  the  raw  data 
displayed  in  this  paper  constitute  pure  absorption.  Finally,  the  use  of  a  cavity  enables  positioning 
of  a  single  crystal  sample  into  a  well  defined  electromagnetic  field  environment,  i.e.  the 
orientations  of  the  DC  and  AC  magnetic  fields  relative  to  the  sample's  crystallographic  axes  are 
precisely  known,  and  the  DC  field  is  very  homogeneous  over  the  tiny  volume  (<  1  mm3)  of  the 
sample.  In  this  way,  additional  contributions  to  the  EPR  lineshapes  are  avoided  due  to,  e.g .  field 
inhomgeneities  over  the  sample  volume,  or  slight  mis-alignments  of  crystallites,  as  may  be  the 
case  for  measurements  on  aligned  powders. 

In  order  to  facilitate  coupling  between  the  spectrometer  (MVNA)  and  the  cavity,  we  have 
constructed  various  waveguide  probes,  optimized  to  work  in  various  frequency  bands  up  to  about 
200  GHz.  Each  probe  consists  of  two  waveguides  for  separately  coupling  the  source  and  detector 
to  the  cavities.  Composite  waveguide  materials  (copper  and  gold  plated  stainless  steel)  are  used 
both  to  minimize  microwave  losses  and  to  maximize  thermal  isolation  of  the  cold  part  of  the 
probe.  Rectangular  and  cylindrical  cavities  may  be  readily  interchanged  (at  room  temperature), 
as  can  the  coupling  to  the  cavity.  A  detailed  description  of  the  construction  of  these  probes  (with 
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detailed  schematics),  as  well  as  extensive  technical  parameters  associated  with  the  cavities,  are 
presented  elsewhere  [10].  Although  the  best  results  are  usually  achieved  at  the  fundamental 
mode  of  a  particular  cavity  (together  with  the  appropriate  coupling),  exceptional  results  may  also 
be  achieved  in  over-moded  cavities.  In  particular,  high  Q- factor  cylindrical  cavities  permit 
measurements  up  to  frequencies  several  times  the  fundamental  mode  frequency.  Thus,  broad 
band  spectroscopy  is  possible,  whilst  maintaining  many  of  the  advantages  of  a  narrow  band 
cavity.  The  high  g-values  (up  to  104  at  frequencies  as  high  as  200  GHz)  ensure  well  separated 
cavity  modes  which  we  can  characterize  with  the  MVNA  prior  to  making  a  measurement;  this 
procedure  is  described  in  more  detail  in  ref.  [10].  Furthermore,  careful  positioning  of  a  tiny 
single  crystal  on  the  side  walls  of  the  cavity  ensures  that  the  sample  sits  in  a  magnetic  field 
antinode  for  any  mode  of  the  cavity,  as  required  for  EPR.  While  these  procedures  have  been 
extensively  tested  to  frequencies  on  the  order  of  200  GHz,  we  have  recently  succeeded  in 
extending  measurements  up  to  300  GHz  using  low  frequency  (<  200  GHz)  probes.  However,  for 
measurements  above  200  GHz,  a  quasi-optical  system  is  under  construction  which  will  be 
described  in  a  future  publication. 

In  order  to  enable  in-situ  rotation  of  the  sample  relative  to  the  applied  magnetic  field,  we 
utilize  a  split-pair  magnet  with  a  7  T  horizontal  field  and  a  vertical  access.  Smooth  rotation  of  the 
entire  rigid  microwave  probe,  relative  to  the  fixed  field,  is  achieved  via  a  room  temperature 
stepper  motor  mounted  at  the  neck  of  the  magnet  dewar;  the  stepper  motor  offers  0.01°  angle 
resolution.  The  source  and  detector  are  bolted  rigidly  to  the  microwave  probe;  subsequent 
connection  to  and  from  the  MVNA  is  achieved  via  flexible  coaxial  cables  [10].  In  this  mode  of 
operation,  one  can  maintain  optimal  coupling  between  the  spectrometer  and  the  cavity  containing 
the  sample,  whilst  rotating  the  probe.  As  discussed  in  great  detail  in  ref.  [10],  good  coupling 
between  the  various  microwave  elements  is  essential  in  order  to  maintain  a  high  sensitivity  and  a 
low  noise  level.  Rotation  of  the  entire  rigid  sample  probe  also  ensures  that  the  sample  sits  in  a 
reproducible  electromagnetic  field  environment  for  all  measurements  made  on  a  particular  mode 
of  the  cavity. 

Temperature  stabilization  is  achieved  using  a  fully  automated  Quantum  Design  PPMS 
variable  helium  flow  system;  the  control  software  for  the  PPMS  also  automates  field  sweeps  and 
rotation  of  the  sample  probe.  All  of  the  data  presented  in  this  article  were  obtained  by  sweeping 
the  magnetic  field  at  a  constant  frequency,  temperature  and  field  orientation;  however,  it  is  also 
possible  to  sweep  the  temperature  and  field  orientation.  Fixed  frequency  measurements  are  then 
repeated  at  many  different  temperatures,  frequencies  and  field  orientations. 

In  the  next  section,  we  present  data  for  the  following  SMM  samples: 
[Mn120i2(CH3C00)i6(H20)4]-2CH3C00H*4H20  (Mm2-acetate),  [Mi^OaCUfCbCEt^pyah,  and 
[Ni(hmp)(R-OH)Cl]4  (R  =  Me,  Et  and  tBuEt).  Details  concerning  the  preparation  of  these 
materials  are  presented  elsewhere  [21-23].  The  typical  sizes  of  single  crystals  range  from 
1.4  x  0. 16  x  0. 16  mm3  to  1.5  x  1 .5  x  2.5  mm3,  and  the  shapes  range  from  needles  to  flat  platelets 
to  distorted  cubes.  For  many  of  the  higher  symmetry  SMMs,  fairly  accurate  alignment  of  the 
crystals  can  be  achieved  when  mounting  the  samples  in  the  cavity  prior  to  cooling.  For  lower 
symmetry  SMMs,  in-situ  rotation  about  several  axes  is  usually  required  in  order  to  locate  the 
principle  magnetic  axes  of  the  samples.  Particular  care  is  taken  to  avoid  solvent  loss,  since  this 
can  affect  both  the  quality  of  the  data  and,  in  some  cases,  this  may  even  affect  the  underlying 
physics  of  the  SMMs.  The  samples  are  removed  from  their  mother  liquor  and  transferred  to  the 
cavity  in  a  matter  of  a  few  minutes;  in  some  extreme  cases,  the  samples  are  coated  in  a  protective 
layer  of  grease  immediately  upon  removing  them  from  the  mother  liquor.  The  samples  are  then 
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cooled  at  about  10  K/min,  initially  under  1  atmosphere  of  helium  gas;  the  pressure  is  only 
reduced  at  low  temperatures.  Silicone  grease  is  used  to  secure  samples  within  the  cavity. 

RESULTS 

In  this  section,  we  give  an  overview  of  some  of  the  recent  data  that  have  been  obtained  for 
several  SMMs  using  the  instrumentation  described  above.  The  first  example  involves  the 
Mni2-acetate  spin  5=10  system,  which  was  the  first  SMM  and  remains  the  most  widely  studied. 
The  Mnl2  molecule  has  a  high  S4  symmetry  and,  therefore,  exhibits  very  slow  quantum 
relaxation  at  low  temperatures.  There  has  been  a  considerable  effort  to  determine  the  symmetry 
breaking  which  is  responsible  for  this  tunneling.  Recent  studies  clearly  show  that  for  a  typical 
crystal,  there  is  a  distribution  of  tunnel  splittings,  i.e.  there  is  a  molecule-to-molecule  variation  in 
the  magnitude  of  the  transverse  interactions  responsible  for  the  tunneling.  It  has  long  been 
assumed  that  the  rhombic  crystal  field  term  (Oj )  in  H '  (Eq.  1)  is  zero  for  Mn  ^-acetate  due  to  its 
S4  site  symmetry;  for  this  reason,  other  sources  of  symmetry  breaking  are  required  in  order  to 
explain  the  QTM.  While  high-frequency  EPR  [13]  and  neutron  studies  [24]  have  provided 
convincing  evidence  for  a  fourth  order  single-ion  transverse  anisotropy  ( 0A  ),  such  an  interaction 
cannot  explain  many  key  experimental  factors  associated  with  the  observed  low- temperature 
hysteresis  [25].  For  this  reason,  recent  theoretical  and  experimental  efforts  have  focused  on  the 
possible  role  played  by  disorder  [17-19,26]. 

Comia  et  al.  have  proposed  a  model  in  which  disorder  in  the  solvent  molecules  surrounding 
the  Mui2  molecule  gives  rise  to  a  local  transverse  quadratic  anisotropy  [19],  i.e .  a  local  rhombic 
distortion.  Such  a  disorder  may  be  expected  to  result  in  several  distinct  species  (isomers)  of 
Mnn-acetate,  each  having  slightly  different  (i.e.  a  distribution)  tunnel  splittings  caused  by  the 
slightly  different  solvent-disorder-induced  rhombic  terms  in  H ' .  Such  a  model  is  quite 
appealing,  since  magnetic  relaxation  experiments  clearly  indicate  a  distribution  in  the  tunnel 
splittings  for  Mni2-acetate  [26].  An  alternative  model  proposed  by  Garanin  and  Chudnovsky 
involves  a  transverse  quadratic  anisotropy  induced  via  dislocations  [17,18].  The  long  range 
strains  produced  by  these  dislocations  are  predicted  to  result  in  very  broad  distributions  of  the 
tunnel  splittings,  indeed,  probably  much  broader  distributions  than  are  observed  experimentally 
[26].  While  both  disorder  pictures  can  explain  many  aspects  of  the  reported  magnetic  relaxation 
experiments,  their  respective  spectroscopic  signatures  may  be  expected  to  be  quite  different. 

Before  presenting  direct  spectroscopic  evidence  for  both  quartic  and  quadratic  transverse 
interactions  in  Mnt2-acetate,  we  should  point  out  that  our  earlier  investigations  highlighted  the 
significant  effect  that  disorder  has  on  EPR  spectra  obtained  for  fields  parallel  to  the  magnetic 
easy  axis  of  the  Mni2  molecule  [5-9].  For  this  geometry,  the  spectra  are  most  sensitive  to 
diagonal  terms  in  Eq.  1,  i.e.  DS]  and  higher  order  terms  such  as  BaOa ;  these  studies  confirmed 

the  existence  of  a  significant  D-strain  (oD  up  to  2%)  in  Mnj2-acetate  single  crystals  [5-9].  While 
these  results  hinted  at  the  importance  of  disorder  in  the  tunneling  mechanism,  they  did  not 
identify  the  transverse  terms  in  Eq.  1  responsible  for  the  tunneling.  To  do  so,  one  has  to  measure 
spectra  with  the  applied  field  transverse  to  the  magnetic  easy  axis  of  the  molecule.  For  this 
geometry,  the  EPR  spectra  exhibit  maximum  sensitivity  to  the  transverse  terms  in  H '  (Eq.  1). 
Indeed,  spectra  obtained  as  a  function  of  angle  within  the  hard  plane  of  the  molecule  may  be 
used  to  deconvolute  several  different  contributions  to  the  transverse  anisotropy,  as  demonstrated 
by  means  of  Figure  1 . 
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Figure  1.  a)  Two  typical  hard  plane  transmission  spectra  obtained  for  Mn)2-acetate  (the  in-plane 
field  orientations  are  given  in  the  figure);  the  frequency  is  49.86  GHz,  and  die  temperature  is 
15  K.  The  dips  in  transmission  correspond  to  EPR  absorptions  between  pairs  of  levels  that 
evolve  from  the  ±MS  levels  (see  labels)  in  zero  field  [8].  b)  Contour  plot  of  the  angle  dependence 
of  the  EPR  absorption  intensity  (dark)  for  field  rotations  in  the  hard  plane.  The  white  lines  are 
fits  to  the  peak  positions,  c)  Angle  dependence  of  the  EPR  linewidths  (FWHM)  for  the  various 
transitions  in  a);  see  text  for  explanation  of  shaded  region  in  the  lower  part  of  the  figure. 

The  contour  plot  in  Figure  lb  demonstrates  a  pronounced  four-fold  pattern  in  the  central 
positions  (in  field)  of  the  EPR  absorptions  as  a  function  of  the  orientation  of  the  magnetic  field 
within  the  hard  plane  of  the  molecule.  This  four-fold  pattern  is  intrinsic  to  the  Mni2  molecule, 
and  can  be  attributed  to  a  quartic  transverse  zero-field  interaction  of  the  form  (S+4+S4)  in  H\ 
Fits  to  the  angle  dependence  (solid  white  curves)  are  consistent  with  a  single  value  of  the 
coefficient  BA  =  3.2(1) x  10  5 cm  1 .  These  fits  also  include  a  small  two-fold  correction,  which  is 
due  to  unavoidable  misalignments  of  the  sample’s  (~1°)  easy  axis  with  the  field  rotation  axis; 
this  effect  is  not  related  to  any  transverse  zero-field  interaction.  Figure  la  shows  raw 
transmission  spectra  obtained  for  two  different  orientations  of  the  magnetic  field  within  the  hard 
plane.  The  i/f=  135  is  extremely  simple,  showing  nice  symmetric  EPR  absorptions.  On  the  other 
hand,  the  y/=  180°  spectrum  exhibits  a  high  field  shoulder  on  each  of  the  peaks.  This  splitting  of 
the  peaks  for  the  hard  plane  spectra  has  been  seen  in  several  samples  [8],  and  also  by  other 
groups  [19].  Indeed,  Comia  et  al  have  proposed  that  its  origin  is  connected  with  the  solvent 
disorder  which  leads  to  a  local  lowering  of  the  symmetries  of  the  Mnj2  molecules  [19]. 

It  is  no  coincidence  that  the  angle  separation  is  45°  between  the  clean  trace  and  the  trace 
exhibiting  the  shoulder  in  Figure  la.  This  again  signifies  an  effect  with  a  four- fold  symmetry, 
however,  its  origin  is  related  to  a  disorder-induced  two-fold  rhombic  distortion,  as  will  be 
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explained  below.  The  split  double  peaks  {\f/=  180°)  are  very  similar  to  those  observed  by  Comia 
et  al.  [19],  and  their  spacing  of  about  0.35  T  also  agrees.  To  emphasize  the  correlation  between 
the  shoulder  and  disorder,  we  plot  the  full  width  at  half  maximum  (FWHM)  of  several  of  the 
peaks,  as  a  function  of  y/,  in  Figure  lc;  y/is  merely  a  measure  of  the  field  orientation  relative  to  a 
fixed  arbitrary  direction  within  the  hard  plane  of  the  sample.  The  shaded  strip  at  the  bottom  of 
Figure  lc  signifies  the  strength  of  the  observed  shoulder  seen  in  Figure  la  (darker  implies 
stronger);  the  shoulder  is  most  pronounced  at  angles  slightly  below  the  maxima  in  the  linewidths. 

Assuming  that  the  fine  structure  (shoulder)  and  line  broadening  are  due  to  local  rhombic 
distortions,  then  the  angle  dependence  has  a  natural  explanation.  The  quadratic  term  in  H '  has 
the  form  E(SX  -  Sv2) ,  which  produces  a  two- fold  pattern  for  rotations  in  the  hard  plane.  An 

intrinsic  quadratic  anisotropy  of  this  form  would  produce  shifts  in  the  hard  axis  EPR  peak 
positions,  contrary  to  what  is  observed.  However,  in  the  case  of  Cornia’s  model  (involving 
ligand  disorder  [19])  one  expects  equal  numbers  of  molecules  having  positive  and  negative  E. 
This  is  because  the  disorder  involves  an  acetate  ligand  which  can  take  four  different  positions 
(90°  apart)  about  the  z-axis  of  the  molecule;  a  change  in  the  sign  of  E  merely  corresponds  to  a 
90°  rotation  of  the  hard  axis.  Thus,  one  expects  overlapping  two-fold  patterns  with  a  90°  phase 
shift,  corresponding  to  molecules  with  their  disorder-induced  hard  axes  oriented  at  90°  to  each 
other.  The  90°  phase  shift  results  in  line  broadening  rather  than  line  shifts.  What  is  more,  the 
effect  on  the  linewidths  will  exhibit  a  four-fold  pattern,  as  opposed  to  a  two-fold  one,  i.e.  the  S4 
symmetry  is  only  broken  locally,  whereas  EPR  measures  a  global  average  of  this  disorder.  Based 
on  these  studies,  we  estimate  an  E  term  associated  with  the  disorder  of  about  0.01  cm-1. 

Studies  for  some  other  samples  show  additional  fine  structures.  We  believe  this  to  be  a 
consequence  of  a  higher  resolution  in  intrinsically  cleaner  samples,  i.e.  samples  having 
intrinsically  narrower  EPR  lines,  such  multiple  fine  structures  may  signify  additional 
configurations  of  the  acetate  ligands,  all  possible  combinations  of  which  have  been  discussed  in 
ref.  [19].  Indeed,  it  is  likely  that  different  ligand  disorders  will  have  different  associated  hard 
directions,  and  this  might  explain  why  the  shoulders  seen  in  Figure  1  are  observed  slightly  away 
from  the  maxima  in  the  linewidths.  We  note  also,  that  there  is  an  approximately  10°  shift  in  the 
four-fold  patterns  observed  in  Figure  lb  due  to  the  intrinsic  four-fold  transverse  interaction,  and 
the  disorder  induced  patterns  seen  in  Figure  lc.  Finally,  temperature  dependent  measurements 
(not  shown)  provide  the  final  confirmation  that  the  splitting  is  due  to  distinct  ground  states, 
presumably  different  ligand  isomers.  Both  components  of  the  splitting  persist  to  the  lowest 
temperatures  investigated,  while  the  intensity  in  all  of  the  excited  state  transitions  vanishes  as 
T  — >  0,  i.e.  the  shoulder  in  Figure  la  corresponds  to  a  distinct  ground  state. 

Next  we  turn  to  a  manganese  system  in  which  the  magnetic  unit  consists  of  a  dimer  of  Mru 
cubes,  with  the  formula  [MruOsCWC^CEt^pyah  (denoted  NA3  for  short)  [22].  Hysteresis 
experiments  for  this  complex  also  show  resonant  QTM  steps  [27].  However,  no  tunneling  is  seen 
in  zero-field  -  a  behavior  which  is  quite  different  from  that  observed  for  essentially  all  known 
monomeric  SMMs  [2].  Furthermore,  the  first  tunneling  transition  is  observed  before  one  reaches 
zero- field  on  the  down-sweeps  of  die  hysteresis  loops.  Wemsdorfer  et  al.  attribute  these 
observations  to  antiferromagnetic  intra-dimer  magnetic  interactions  [27];  the  magnitude  of  the 

effect  suggests  weak  superexchange  interactions  via  the  Cl . Cl  and  C-H . Cl  contacts  between 

the  two  molecules  within  the  dimer.  This  superexchange  results  in  an  antiferromagnetic 
exchange  bias,  whereby  each  half  of  the  dimer  acts  as  a  field  bias  on  its  neighbor,  resulting  in  a 
complete  suppression  of  the  zero-applied- field  quantum  tunneling  resonance. 
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Figure  2.  a)  The  low  lying  two-spin  energy  levels  for  the  N  A3  dimer  plotted  as  a  function  of 
magnetic  field;  the  most  important  levels  have  been  labeled  according  to  the  scheme  described  in 
the  main  text.  For  simplicity,  the  calculations  of  these  levels  ignored  the  transverse  terms  in  Eqs. 
1  and  2.  b)  A  3D  plot  of  the  ground  state  transition(s)  in  NA3  obtained  over  a  narrow  field  and 
frequency  range;  for  clarity,  the  data  correspond  to  Lorentzian  fits  to  the  original  raw  data.  See 
main  text  for  an  explanation  of  the  observed  trends  in  the  data. 


In  the  case  of  two  coupled  SMMs,  as  is  the  case  for  NA3,  the  effective  two-spin  Hamiltonian 
is  written  as  a  sum  [27] 

H=Hl+H2+JSrS2,  (2) 


where  H \  and  H2  are  given  by  Eq.  1 ;  the  cross  term  describes  the  superexchange  coupling 
between  the  two  molecules  within  the  dimer,  and  /  characterizes  the  strength  of  this  coupling. 
This  adds  considerable  complexity  to  the  energy  level  diagram,  resulting  in  (25  +  1)  x  (25  +  1) 
levels.  For  NA3,  the  antiferromagnetic  coupling  (positive  J)  results  in  a  zero-field  ground  state 
comprised  of  the  degenerate  and  (-9/2,9/2)  levels,  as  shown  in  Figure  2a.  However, 

application  of  a  field  (//z)  exceeding  the  exchange  bias  (~0.3  tesla)  results  in  a  crossing  of  the 
degenerate  (— 9/ 2 ,9/ 2)/ (9/ 2 ,“9/ 2)  levels,  and  the  (-9/2,-9/2)  level,  thereby  changing  the  ground  state  to 
the  latter  (see  Figure  2a). 

In  terms  of  the  EPR,  the  exchange  coupling  results  in  two  distinct  single-spin  transitions 
from  each  two-spin  state,  i.e.  (Msi,  M^)  to  (MS)  -1-  1,  M$2)  or  (MSi,  Nfa)  to  (MS),  M52  +  1)- 
However,  more  importantly,  because  of  the  exchange  bias,  the  single-spin  transitions  now 
depend  on  the  state  of  the  other  spin  within  the  dimer.  Thus,  the  first  transitions  from  the  two 
ground  states,  (9/2,-9/2)  to  (% ,-ii)  and  (-9/2,-9/2)  to  (-9/2,-7/2),  have  slightly  different  energies 
even  though  they  both  correspond  to  the  same  -!i  to  -7/2  single-spin  transition.  This  situation  is 
illustrated  in  Figure  2a.  It  is  also  now  possible  to  excite  multi-spin  EPR  transitions  within  this 
coupling  scheme  [28],  though  this  should  represent  a  much  weaker  (higher  order)  process.  Single 
crystal  EPR  measurements  enable  us  to  test  the  above  hypotheses. 

The  easy  axis  spectra  obtained  for  NA3  show  many  similarities  to  the  easy  axis  data  obtained 
for  other  monomeric  manganese  SMMs  (see  e.g.  ref.  [5]),  including  monomeric  Mn*  clusters, 
many  examples  of  which  have  very  similar  single  spin  Hamiltonian  parameters  (5,  £>,  etc.)  to  the 
dimer  [29].  Based  on  the  simple  exchange  bias  scheme  developed  by  Wemsdorfer  et  al.  [27],  we 
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have  been  able  to  estimate  the  axial  crystal  field  parameters  D  ~  -0.500  cm-1  and 

Bl  «  -7  x  10“5  cm-1  for  NA3;  the  details  of  this  analysis  will  be  published  elsewhere  [29]. 

The  ability  to  measure  at  many  different  frequencies  allows  us  to  tune  the  ground  state 
transition(s)  to  the  field  region  where  the  ground  state  level  crossing  occurs  in  Figure  2a.  In  this 
field  range,  a  pronounced  splitting  becomes  apparent  in  the  lowest  field  resonance,  as  shown  in 
Figure  2b,  i.e.  the  exchange  bias  has  a  significant  affect  on  the  EPR  in  this  low  field  limit.  The 
data  in  Figure  2b  were  obtained  at  2  K  so  as  to  enhance  the  intensity  of  the  ground  state 
transition(s);  thus  no  other  transitions  were  observed  at  this  low  temperature.  For  clarity,  the  3D 
plots  in  Figure  2b  were  made  with  Lorentzian  fits  to  the  data,  rather  than  the  raw  data,  because 
the  signal-to-noise  ratio  varies  considerably  for  the  different  frequencies  employed.  It  is  quite  a 
remarkable  experimental  achievement  to  be  able  to  make  narrow  band  cavity  measurements  on 
such  a  small  single  crystal,  and  at  2  GHz  intervals  above  130  GHz.  The  splitting  is  due  to  the 
different  energies  of  the  respective  C 72,-9/2)  to  (9/2 -7/2)  and  (— 9/2,— 9/2)  to  (-9/2,-7/2)  ground  state 
transitions  (see  Figure  2a).  This  splitting  is  very  robust,  and  is  simply  due  to  the  exchange  bias. 
By  following  the  exchange-bias  split  resonance  through  the  exchange  bias  field  region  (~0.3  T), 
it  is  apparent  that  the  intensity  transfers  smoothly  from  the  (9/2,-9/2)  to  (9/2,-7/2)  transition  to  the 
(-9/2,-9/2)  to  (-9/2,-7/2)  transition.  This  observation  is  consistent  with  the  change  in  the  ground 
state  of  the  dimer  at  -D.3  T.  Furthermore,  the  switch  in  intensity  occurs  in  the  correct  sense 
according  to  Eqs.  1  and  2,  i.e.  the  high  field  peak  grows  with  increasing  field,  and  vice  versa. 

The  intensities  become  roughly  equal  when  the  split  resonance  is  centered  about  0.3  T,  in 
agreement  with  the  exchange  bias  field  determined  by  Wemsdorfer  et  al  [27].  Therefore,  these 
data  provide  substantial  support  for  the  exchange  bias  model. 

Using  a  simple  model  which  neglects  transverse  terms  in  Eq.  2,  we  can  predict  the  expected 
splitting  of  the  (9/2 ,-9/2)  to  (9/2  ,-7/2)  and  (-9/2 ,-9/2)  to  (-9/2,-7/2)  ground  state  transitions. 
Surprisingly,  the  splitting  should  be  twice  the  exchange  bias  field,  yet  we  observe  a  substantially 
reduced  value  of  about  0.2  T.  However,  this  difference  does  not  in  any  way  invalidate  the 
exchange  bias  model,  which  is  based  on  the  properties  of  the  ground  state.  It  merely  tells  us  that 
we  need  to  develop  a  more  complete  picture  of  the  EPR,  which  involves  excited  levels  as  well; 
this  is  a  work  in  progress. 

The  final  example  which  we  present  concerns  a  series  of  SMMs  based  on  tetranuclear  nickel 
clusters  with  varying  ligands,  e.g.  the  complexes  [Ni(hmp)(MeOH)Cl]4,  [Ni(hmp)(EtOH)Cl]4 
and  [Ni(hmp)(tBtiEtOH)Cl]4,  which  we  call  MeOH,  EtOH  and  tBuEtOH  for  short  [23].  Each 
complex  has  been  predicted  to  have  a  spin  5  =  4  ground  state,  and  an  easy-axis  type  anisotropy. 
Recent  low-temperature  (<  1  K)  hysteresis  experiments  have  shown  that  the  magnetic  moments 
associated  with  each  of  these  SMMs  do  exhibit  resonant  QTM  [23].  However,  in  the  first  two 
complexes,  the  expected  zero-field  QTM  resonance  is  shifted  considerably  away  from  B  =  0;  this 
behavior  may  again  be  attributed  to  an  appreciable  intermolecular  exchange  bias  effect  [27,28]. 
The  existence  of  significant  inter-SMM  exchange  interactions  in  these  nickel  based  SMMs  is  not 
unexpected  since  the  intermolecular  Cl — Cl  contact  distances  are  rather  short  (-4.8  to  6  A). 
Through  systematic  variations  of  the  ligands,  it  is  possible  to  tune  these  exchange  effects,  e.g.  by 
varying  the  Cl — Cl  contact  distance  from  -4.9  A  in  the  MeOH  and  EtOH  complexes,  to  -6  A  in 
the  tBuEtOH  complex. 

Figure  3a  shows  raw  field  sweeps  for  each  of  the  three  complexes;  in  each  case,  the  field  is 
roughly  aligned  with  the  easy  axis,  the  frequency  is  approximately  190  GHz,  and  the  temperature 
is  1 0  K.  Data  obtained  for  the  tBuEtOH  complex  are  the  easiest  to  interpret.  A  series  of  more-or- 
less  evenly  spaced  double  peaks  is  observed,  with  the  intensity  decreasing  for  successive  pairs  of 
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Figure  3.  a)  Raw  EPR  spectra  for  three  different  Nu  SMMs,  obtained  with  the  field  -parallel  to 
the  easy  axes;  the  temperature  is  10  K,  and  the  frequencies  are  indicated  in  the  figure.  In  the  top 
panel,  the  resonances  are  labeled  according  to  the  Ms  quantum  numbers  involved  in  the 
transitions.  Each  peak  shows  a  splitting  which  increases  from  top  to  bottom;  the  dashed  lines 
indicate  how  the  peaks  evolve  from  one  complex  to  the  next,  b)  Separate  fits  to  Eq.  (1)  for  the 
lower  (L)  and  upper  (U)  peaks  within  each  split  doublet  for  the  tBuEtOH  complex.  These  fits 
confirm  the  5  =  4  ground  state  and  yield  the  diagonal  components  of  the  effective  spin 
Hamiltonian.  Similar  fits  (not  shown)  were  obtained  for  the  EtOH  and  MeOH  complexes. 

peaks.  One  possible  interpretation  of  the  splitting  involves  the  existence  of  two  species  of 
molecule  within  the  crystal,  with  slightly  different  crystal  field  parameters.  Separate  fits  to  the 
5  =  4  Hamiltonian  (Eq.  1)  for  the  lower  (L)  and  upper  (U)  split  peaks  are  shown  in  Figure  3b. 
Although  the  fits  are  excellent,  such  an  interpretation  is  inconsistent  with  X-ray  studies  which 
indicate  that  all  molecules  are  crystallographically  identical  (with  S4  site  symmetry)  and  that  no 
disorder  associated  with  the  ligands  exists.  Careful  angle  dependent  studies  rule  out  crystal 
twinning  or  sample  mis-alignment  as  a  possible  explanation  for  the  splitting. 

EPR  spectra  for  the  EtOH  and  MeOH  complexes  reveal  considerably  broader  absorptions 
and  dramatically  enhanced  splittings.  Assignments  of  the  peaks  were  determined  from  their 
temperature  dependence  (not  shown),  and  from  similar  fits  to  the  one  shown  in  Figure  3b  for  the 
tBuEtOH  complex.  The  evolution  of  the  peaks  for  the  three  complexes  is  shown  in  Figure  3  a  by 
dashed  lines,  and  assignments  in  terms  of  the  Ms  quantum  numbers  are  given  in  the  top  panel.  In 
every  case,  fits  to  the  5  =  4  Hamiltonian  for  the  L  and  U  peaks  are  surprisingly  good  (not 
shown),  yielding  the  following  parameters:  DL  =  -0.715  cm'1,  Dv  =  -0.499  cm-1, 

B4  =  ~ 2  x  10-4  cm'1  and  gz  =  2.24  for  the  MeOH  complex;  DL  =  -0.673  cm"1,  Du  =  -0.609  cm"1, 
B4  =  ~ 1-2  x  10  cm  1  and  gz  =  2.20  for  the  EtOH  complex.  Transverse  terms  have  been 
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determined  from  powder  spectra  and  from  the  same  procedure  as  shown  for  Mni  2-acetate  in 
Figure  lb.  The  dominant  contribution  to  the  ground  state  tunnel  splitting  is  the  quartic 
crystal  field  term  ( B *  -4x10^  cm-1  for  the  tBuEtOH  complex),  which  leads  to  a  strong 
interaction  between  the  Ms  -  ±4  ground  states,  and  to  fast  relaxation  in  zero  field  (ground  state 
tunnel  splitting  ~12  MHz). 

While  an  explanation  for  the  EPR  splittings  in  terms  of  crystallographically  distinct  Ni4 
species  cannot  be  ruled  out  in  the  case  of  the  EtOH  and  MeOH  complexes  (their  structures  are 
each  composed  of  two  inter-penetrating  diamond  lattices),  it  is  interesting  to  note  that  the 
magnitudes  of  the  splittings  scale  roughly  with  the  expected  strength  of  the  exchange 
interactions,  as  determined  both  from  the  Cl — Cl  contact  distances  and  from  the  relative 
magnitudes  of  the  exchange  bias  effects  observed  from  hysteresis  experiments;  the  MeOH 
complex  shows  an  appreciably  larger  exchange  bias  effect  than  the  EtOH  complex,  while  the 
tBuEtOH  complex  shows  no  measurable  exchange  bias  [23].  The  EPR  line  widths  and  shapes  are 
also  considerably  broader  and  more  complex  for  the  two  SMMs  that  show  a  clear  exchange  bias 
effect.  We  note  that  EPR  line  broadening  due  to  intermolecular  exchange  interactions  is  well 
documented  in  other  SMMs  [6,7],  and  EPR  line  splittings  may  also  be  expected  on  the  basis  of  a 
simple  dimer  model  which  includes  the  effects  of  exchange  between  pairs  of  SMMs  (see  above). 
Although  further  investigations  are  needed  to  determine  the  precise  origin  of  the  splitting,  it 
should  be  noted  that  the  ability  to  distinguish  between  exchange  and  disorder  effects  will  only 
likely  be  possible  through  single  crystal  measurements  of  the  kind  reported  here. 

SUMMARY  AND  CONCLUSIONS 

We  have  described  a  unique  cavity  perturbation  technique  that  enables  high  sensitivity  oriented 
single  crystal  EPR  measurements  spanning  a  very  wide  frequency  range  (16  to  200+  GHz).  We 
also  present  a  series  of  brief  examples  of  the  unique  capabilities  of  this  instrumentation,  with 
emphasis  on  multi-frequency  oriented  single  crystal  measurements.  In  particular,  these  studies 
enable  precise  characterizations  of  weak  transverse  interactions  which  turn  out  to  be  crucial  as 
far  as  the  quantum  tunneling  is  concerned  in  SMMs. 
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ABSTRACT 

We  give  an  exposition  of  the  principles  of  quantum  computing  (logic  gates,  exponential 
parallelism  from  polynomial  hardware,  fast  quantum  algorithms,  quantum  error  correction, 
hardware  requirements,  and  experimental  milestones).  A  compact  description  of  the  quantum 
Fourier  transform  to  find  the  period  of  a  function — the  key  step  in  Shor’s  factoring  algorithm — 
illustrates  how  parallel  state  evolution  along  many  classical  computational  paths  produces  fast 
algorithms  by  constructive  interference  similar  to  Bragg  reflections  in  x-ray  crystallography.  On 
the  hardware  side,  we  present  a  new  method  to  estimate  critical  time  scales  for  the  operation  of  a 
quantum  computer.  We  derive  a  universal  upper  bound  on  the  probability  of  a  computation  to 
fail  due  to  decoherence  (entanglement  of  the  computer  with  the  environment),  as  a  function  of 
time.  The  bound  is  parameter-free,  requiring  only  the  interaction  between  the  computer  and  the 
environment,  and  the  time-evolving  state  in  the  absence  of  any  interaction.  For  a  simple  model 
we  find  that  the  bound  performs  well  and  decoherence  is  small  when  the  energy  of  the  computer 
state  is  large  compared  to  the  interaction  energy.  This  supports  a  recent  estimate  of  minimum 
energy  requirements  for  quantum  computation. 


INTRODUCTION 

A  quantum  computer  puts  to  use  the  fact  that  a  quantum  particle,  such  as  an  electron  passing 
through  a  double-slit  apparatus  or  an  atom  or  molecule  traversing  a  matter-wave  interferometer 
[1],  can  be  in  two  different  locations  at  the  same  time.  By  equating  different  locations — as  a 
paradigm,  we  take  an  electron  in  the  lowest  orbit  or  in  an  excited  orbit  of  an  atom — to  binary 
digits  0  and  1,  one  may  interpret  the  time-evolving  state  of  the  particles  as  executing  several 
computations  at  the  same  time.  One  set  of  locations  at  a  given  time  describes  the  result  of  one 
computation.  Thus  one  atom  can  do  two  computations  at  once;  two  atoms  can  do  four;  three 
atoms  can  do  eight.  The  challenge  is  to  coerce  the  atoms  to  follow  trajectories  that  amount  to 
meaningful  computations  and  to  read  out  a  definite  result  from  the  multitude  of  computations 
occurring  in  parallel.  The  control  of  trajectories  is  the  hardware  part  of  the  challenge;  the  design 
of  useful  trajectories — algorithms  that  are  superior  to  classical  algorithms — is  the  software  part 
of  the  challenge. 

This  paper  is  a  comprehensive  survey  of  both  aspects.  It  illustrates  in  terms  of  explicit  case 
studies  the  key  components  of  a  quantum  computer,  namely,  the  design  of  a  computational 
trajectory  (Shor’s  algorithm),  the  trajectory’s  superior  performance  (exponential  parallelism), 
and  the  reliable  operation  of  the  computer  vis-a-vis  decoherence,  with  emphasis  on  analogies  to 
familiar  physical  phenomena.  The  case  studies  apply  regardless  of  whether  the  computer  is 
implemented  in  terms  of  nuclear  spins,  ion  traps,  cavity  quantum  electrodynamics,  supercon¬ 
ducting  currents,  or  spintronics.  General  references  are  [2-9]. 
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QUANTUM  VERSUS  CLASSICAL  COMPUTATION 


A  classical  computer  manipulates  strings  of  N  classical  bits,  (ny,  ...,«„)  with  nj  =  0  or  1 
0  =  1>  in  such  a  way  that  intermediate  states  of  the  computation  are  also  strings  of 

classical  bits.  A  quantum  computer  manipulates  states  of  N  two-level  atoms  or  any  other  two- 
level  entities,  |«j, nN)  with  n.  -0  if  the  j-th  atom  is  in  the  ground  state  and  rij  - 1  if  it  is  in 
the  excited  state,  in  such  a  way  that  intermediate  states  are  superpositions  of  the  states 
\ni >  — The  2n  states  | nl9  ...,nN)  (“computational  basis”)  are  product  states  in  which  each 
atom  is  either  in  the  ground  state  or  excited  state,  and  rij  is  called  the  value  of  the  y-th  qubit 
(“quantum  bit”);  they  represent  the  strings  of  classical  bits.  The  superpositions  include  states  in 
which  an  atom  no  longer  has  a  sharp  value  of  n}  (indefinite  bit  value),  and  states  in  which  an 
atom  no  longer  exists  in  a  state  separate  from  the  other  atoms  (entangled  state);  both  have  no 
classical  counterpart. 

A  quantum  computation  starts  with  a  product  state  |«j,  ...,  nN),  lets  the  state  evolve  according 
to  the  Schrodinger  equation,  ihi\y(t))  =  H{t)\ip{t)),  with  initial  condition  |^(0))  =  |«„  and 
time-dependent  Hamiltonian  H (t)  driving  the  coupled  atoms,  and  ends  with  the  measurement  of 
the  values  of  the  qubits  of  the  state  The  Hamiltonian  generates  the  unitary  time-evolution 

operator  U (0  which  takes  the  initial  state  into  the  final  state, 

I  v>(0)  -  T  exp '(-O'/ft)  J^//(s)<fc)|v>(0)}  -  (/(O|v»(0))  (1) 

with  T  the  time-ordering  operator.  The  measurement  transforms  |V>(0)  into  the  output  state 
\riv  ...,riN)  with  probability  |(h', nfN  |t/>(0)|2.  The  output  is  probabilistic  because  quantum 
measurements  are  so.  The  computation  |«,, ...,  nN)\->  |^(0)  is  a  unitary  transformation,  hence 
reversible;  the  readout  \U>(t))H>  \n'v riN)  is  a  projection  (“collapse  of  the  wave  function”), 
hence  irreversible.  Thus,  to  perform  a  specific  computation,  one  must  drive  the  atoms  with  a 
specific  Hamiltonian;  to  read  out  the  result,  one  must  send  the  atoms  through  a  series  of  state 
detectors. 

A  quantum  computer  is  more  powerful  than  a  classical  computer  for  two  reasons,  (i)  The 
quantum  state  space  is  much  larger  than  the  classical  state  space:  N  qubits  can  be  in  an  infinite 
number  of  different  states  (any  point  on  the  unit  sphere  of  the  complex  Hilbert  space  spanned  by 
the  2N  basis  vectors  \nv  ...,  n^));  N  classical  bits  can  only  be  in  2*  different  states  (the  points 
where  the  2V  coordinate  axes  intersect  the  unit  sphere,  Fig.  1).  If  the  expansion  coefficients  of 
the  superpositions  can  be  controlled  with  accuracy  e  (e  « 1),  the  sphere  hosts  0(f"(2W“1))  distinct 
states.  Thus  a  quantum  computer  can  store  and  access  an  exponentially  large  number  of  states 
compared  to  a  classical  computer,  (ii)  The  quantum  computer  operates  in  a  massively  parallel 
way:  if  the  initial  state  is  the  uniform  superposition  of  all  basis  states, 

|V'(0)>  =  2-'"2  2  k  •••>«*).  (2) 

n  I  , ....  fl  y  -0, 1 

the  time  evolution  computes  simultaneously  U(t)\ny, nN )  for  all  2 N  possible  inputs  |/ij, ...,  nN) 
by  linearity  of  U(t).  The  matrix  element  is  the  probability  amplitude 

that  the  computation  converts  the  input  |/i,,  ...ynN)  into  the  output  | #?,',  along  all  possible 

classical  computational  paths  in  parallel  (Feynman’s  path  integral).  A  classical  computation  can 
follow  only  a  single  path.  The  aim  is  to  choose  U (t)  so  that  computational  paths  of  no  interest 
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Figure  1.  A  classical  bit  can  be  in  state  |0)  or  |1^  (left).  A  quantum  bit  can  be  in  any  superposi¬ 
tion  a\0)  +  b\\)y  where  the  complex  numbers  a  and  b  satisfy  |a|2  +  |b|2=l  (right).  The  states  are 
shown  as  expectation  values  of  the  spin  vector. 


cancel  each  other  by  destructive  interference,  and  paths  of  interest  add  constructively  (selection 
of  relevant  computations  by  quantum  interference,  Fig.  2). 

Any  computation  (J(t%  also  called  a  quantum  circuit,  can  be  approximated  by  sequential 
application  of  a  finite  set  of  unitary  transformations  that  operate  on  only  one  or  two  qubits.  An 
example  for  such  a  “universal  set  of  quantum  logic  gates”  is 

Hi  “  (KX°J  I +  KX1/ 1 +  KX0/ 1  -  K'X'/lV  ^  (“Hadamard  gate”),  (3) 

7’/-|0yX0/|  +  ^,4|l/)(1;|  (“rgate”),  '  (4) 

cy»  ■|0y°*X0A|  +  |0;1*X0>1*l  +  l1AX1>1*l  +  lM*X1A|  (“controlled-not  gate”),  (5) 

where  acts  only  on  qubit y,  and  \Hjnk  ){n'jn'k |  only  on  qubits  j  and  k.  They  correspond 

to  the  logic  gates  in  a  classical  computer,  but  are  reversible  (the  classical  ‘and’  and  ‘exclusive  or’ 
gates  are  irreversible).  The  Hadamard  gate  transforms  the  states  |0y )  and  |1;. )  into  the  superpo¬ 
sitions  (|0;  )±|1,  ))/V2;  the  T  gate  shifts  the  phase  of  the  excited  state  relative  to  the  ground 
state  by  jr/4;  and  the  controlled-not  gate  flips  the  “target”  qubit  k  if  and  only  if  the  “control” 
qubit  j  is  in  the  excited  state.  The  three  gates  are  the  analog  of  an  optical  beam  splitter,  phase 
shifter  (refractive  medium),  and  conditional  mirror,  respectively.  Only  the  Hadamard  gate  cre¬ 
ates  multiple  computational  paths;  the  other  two  transform  a  single  basis  state  into  a  single  basis 
state.  To  approximate  a  general  U{t)  to  within  accuracy  e  requires  0(4N N2[\n(4N N2 /e)]a) 
gates,  where  a  2  (Solovay-Kitaev  theorem  [6])  and  the  leading  factor  4*  is  set  by  the  number 
of  matrix  elements  of  U(t).  For  special  computations,  however,  often  a  much  smaller  number  of 
gates,  independent  of  e ,  suffices,  as  we  shall  see  in  the  next  section. 
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Hj  H, 

Figure  2.  Application  of  the  Hadamard  gate  to  state  |  rij)  creates  two  computational  paths,  one 
leading  to  |0y)  with  probability  amplitude  1/V2,  the  other  to  |ly )  with  amplitude  (-1)"'/V2. 
Application  of  the  Hadamard  gate  twice  to  |0; )  creates  four  paths,  leading  to  |0; )  with  ampli¬ 
tude  [(+1)(+1)  + (+l)(+l)]/2,  and  to  |ly)  with  amplitude  [(+1)(+1)  +  (+l)(-l)]/2  (cancellation  of 
trajectories  leading  to 


AN  EXPLICIT  EXAMPLE— FINDING  THE  PERIOD  OF  A  FUNCTION 

A  widely  used  class  of  encryption  systems  for  public  transmission  of  sensitive  data  (RSA 
public  key  cryptosystem  [10])  derive  their  security  from  the  difficulty  of  factoring  a  large,  pub¬ 
licly  transmitted  integer.  The  fastest  known  classical  algorithm  factors  an  N-bit  number  in  time 
^2constxJvl/3<ln^>2/3).  Shor’s  celebrated  quantum  algorithm  [1 1,  12]  for  the  same  task  requires  only 
time  0(N2(\nN)(\r\\nN)).  The  key  task  in  Shor’s  algorithm  is  to  find  the  period  r  of  a  periodic 
function  / (*)  related  to  the  number  to  be  factored,  and  the  tool  used  to  determine  the  period  is 
the  discrete  Fourier  transform.  The  values  of  the  Fourier  variable  at  which  the  transform  does 
not  vanish  yield  the  period,  just  as  in  x-ray  diffraction  from  a  crystal  the  scattered  wave  vectors 
at  which  the  x-ray  intensity  is  nonzero  yield  the  crystal  periodicity  (Bragg  reflection  at  wave 
vectors  equal  to  a  reciprocal  lattice  vector). 

The  discrete  Fourier  transform  assigns  to  a  given  complex-valued  function  f(x)  (not  neces¬ 


sarily  periodic)  the  function 

(6) 

where  both  x  and  y  run  through  the  integers  0,  1 ,  . . 2N  - 1 .  Its  quantum  computation  reads 

Elo'/wbi-  — y»)  -  -,xN) ,  (7) 

U(t)\xl,...,xN)~2-^X^2^\yl >V),  (8) 

x  =  x,2n-1  +  x22"-2+...  +  xn2\  (9a) 

y  =  JV,2W_1  +  y22N~2  +  ...  +  yN2°.  (9b) 


Equation  (8)  defines  the  operator  U ( t )  in  terms  of  the  computational  basis;  (9)  is  the  binary 
expansion  of  the  summation  variables  in  (7,  8);  and  Eq.  (7)  is  established  by  substitution  of  (6) 
and  (8).  The  sums  in  (7),  running  over  the  whole  basis,  completely  describe  the  function  and  its 
Fourier  transform.  The  implementation  of  U(t)  in  terms  of  logic  gates  is  given  by 
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(10) 


"<ok . . *> 

_  2-W/2^  +  e2m'XN-}*X*-l+l-XN  |l^J 

=  R(HlBl  2B[  3  *  ♦  *  51A  )(//2^2, 3^2,4  *  *  ‘  ^2,N  )”  *  -l^V  X^JV  )|  *1>  — »  *JV  )  * 

The  first  line  recalls  the  action  of  U (f)  on  a  basis  state;  the  second  line  shows  that  the  result  is  a 
product  state,  not  an  entangled  state  (the  binary  fractions  0jcN_j+]xN_j+2...xN  arise  from  the 
expansion  of  xyl 2*);  and  the  third  line  expresses  the  product  in  terms  of  successive  applications 
of  the  Hadamard  gate,  the  controlled-phase-shift  gate, 

^-hAXoAl+M^I+hA^Al+^hAXM.!.  (ID 

and  the  qubit  reversal  operator,  nN)  *  |/tw, nv)  (implemented  by  reading  the  qubits  in 

reverse  order),  on  the  original  basis  state. 

Equation  (10)  is  the  quantum  fast  Fourier  transform.  It  is  an  explicit  example  for  the  decom¬ 
position  of  a  quantum  circuit  into  a  product  of  one-  and  two-qubit  operations  and  shows  that  the 
transform,  without  any  approximation,  can  be  carried  out  with  only  N(N  + 1)/2  operations.  This 
is  much  less  than  the  Solovay-Kitaev  bound  and  much  less  than  the  0(2*  AT)  operations  in  the 
classical  fast  Fourier  transform.  The  N  Hadamard  gates  create  2*  classical  paths  along  which 
the  state  \xl9  evolves  in  parallel. 

The  period  r  is  obtained  by  measuring  the  qubits  of  state  (7).  The  measurement  yields  the 
output  state  |y,,  ...,yv)  with  probability 

|<*,....^)>f-|/0')f.  (12a) 

If  r  divides  2*,  the  probability  is 

I /OOP  -^r|2r.'oe2'Ti‘,/27(-t)|2**  0  if  >72"  -  0,  l/r,  2/r, ...,  (, r-l)/r ,  (12b) 

|/OOf-0  else,  (12c) 

from  (6).  Thus  as  advertised,  only  “good”  y’s,  related  to  r,  remain.  Outcomes  unrelated  to  r 
occur  with  probability  zero,  by  virtue  of  destructive  interference.  The  good  y’s  yield  r  as  the 
largest  denominator  of  the  reduced  fractions  y/2*,  as  y  runs  through  all  outcomes  |y,,  ...,y  v). 
The  largest  denominator  from  m  distinct  outcomes  (m  «  r)  equals  r  with  probability  better  than 
1-  (1  -0.561  /lnln  r)m  (prime  number  theorem),  so  even  a  period  as  large  as  2100  is  found  with  a 
success  rate  better  than  99%  from  only  33  distinct  outcomes.  If  r  does  not  divide  2*,  destructive 
interference  is  not  perfect,  and  the  measurements  with  high  probability  yield  y’s  satisfying 
y/2*  =0,  l/r,  2/r, ...,  (r-l)/r  approximately.  In  this  case,  r  is  found  from  a  slightly  more 
involved  analysis,  but  still  with  only  O(lniV)  Fourier  transforms  and  measurements.  This  gives 
the  period  in  time  0{N2\nN ).  With  this  efficiency,  it  turns  out  that  the  bottleneck  in  Shor’s 
algorithm  is  the  computation  of  /(x),  i.e.,  the  preparation  of  the  initial  state  f(x) |jclt  ...,jc/V  ), 
which  we  have  suppressed  here.  The  determination  of  the  period,  including  the  preparation  of 
the  initial  state,  requires  time  0{N2(\nN)(\n\nN)). 
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Table  I.  Exponential  parallelism  of  the  quantum  Fourier  transform  from  polynomial  hardware. 
The  second  line  is  often  expressed  as  that  the  quantum  computer  can  do  2*  classical  computa¬ 
tions  simultaneously.  The  abbreviations  in  the  last  column  stand  for  ‘effort’  and  ‘payoff’. 


Number 

Eq. 

Effort/payoff 

Logic  gates  acting  on  |t/>(0)) 

N(N  +  l)/2 

00) 

Polynomial  e. 

Classical  bit  strings  processed  at  once  in 

2* 

(7) 

Exponential  p. 

Classical  paths  followed  at  once  in  |i/j(0) 

22* 

(10) 

Exponential  p. 

Distinct  constructive  interference  events  from  \ip(t)) 

2*r 

(12) 

Exponential  p. 

Repeated  computations  of  |t p(t))  needed  to  find  r 

0(lnN) 

- 

Logarithmic  e. 

Table  I  summarizes  the  algorithm  in  terms  of  parallel  computing  and  interference  of  compu¬ 
tational  paths.  The  number  of  distinct  constructive  interference  events  increases  with  increasing 
period  r,  just  as  in  x-ray  diffraction  the  number  of  Bragg  reflections  increases  with  increasing 
size  of  the  unit  cell.  The  degree  of  entanglement  of  computational  states  varies  in  the  opposite 
direction:  If/is  zero  everywhere  except  at  position  x,  then/has  period  r  -  2*,  the  initial  state  is 
a  product  state  by  1^(0))  ■  |xlt  and  so  is  the  final  state  |^(0)  by  (10).  In  this  case,  neither 

the  initial  nor  final  state  is  entangled.  If  /(x)  -  2‘*/2  for  all  x,  then/has  period  r  - 1,  the  initial 
state  equals  the  state  (2),  and  the  final  state  is  |t/>(0)  ■  |0, 0).  In  this  case,  the  initial  state  is 
maximally  entangled,  and  the  final  state  is  not  entangled.  This  suggests  that  the  smaller  the 
period,  the  more  entangled  are  relevant  states  in  the  computation. 


OTHER  FAST  QUANTUM  ALGORITHMS 

Factoring  integers  can  be  reduced  to  finding  integer  solutions  of  Pell’s  equation,  x2  —  ay 2  —  1, 
where  a  is  a  positive  non-square  integer;  but  a  converse  is  not  known.  So  it  is  of  interest  that  a 
quantum  algorithm  exists  also  for  Pell’s  equation.  The  algorithm  is  due  to  Hallgren  [13]  and 
finds  the  solution  in  polynomial  time  as  in  Shor’s  algorithm,  instead  of  exponential  time  as  on  a 
classical  computer. 

Other  quantum  algorithms  that  outperform  classical  algorithms  by  orders  of  magnitude  are: 
Grover’s  algorithm  for  “finding  a  needle  in  a  haystack”  (search  of  an  item  in  a  database  of  1N 
items  in  0( 2NI2)  instead  of  0(2*)  steps);  estimation  of  the  median  and  mean  of  2*  items  to 
precision  e  in  0(N  /e)  instead  of  0(N  /e2)  steps;  search  of  the  minimum  of  a  function  sampled  at 
2  points  in  0(2* /2)  instead  of  0(2*)  steps;  search  of  two  distinct  pre-images  giving  the  same 
image  of  a  two-to-one  function  sampled  at  2*  points,  in  0(2* /3)  instead  of  0(2* /2)  steps;  the 
Deutsch-Jozsa  algorithm  to  determine  if  2*  numbers  are  either  all  0  (“constant  function”),  or 
half  are  0  and  half  are  1  (“balanced  function”),  in  one  instead  of  up  to  2*'1  + 1  steps;  and  various 
allocation  tasks  and  game-theoretic  strategies. 

Quantum  algorithms  for  solving  complex  physical  problems  in  polynomial  time  instead  of 
exponential  time  include  [9]:  path  integration  with  respect  to  Wiener  measure;  quantum  random 
walks;  simulation  of  the  quantum  baker’s  map;  quantum  lattice-gas  model  for  the  time- 
dependent  Schrodinger  equation  of  many-body  systems;  and  the  dynamical  sign  problem  in 
fermionic  systems. 
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QUANTUM  ERROR  CORRECTION 


Noise  from  imperfect  computer  operation  poses  no  fundamental  barrier  to  large-scale  compu¬ 
tations.  A  quantum  error-correction  code  encodes  the  N  “logical  qubits”  into  N '  “carrier  qubits” 
(N'  >  N\  runs  the  carrier  qubits  through  a  group  of  accordingly  encoded  logic  gates,  transforms 
the  noisy  state  by  appropriate  projection  operators  (“syndrome  measurements”)  and  unitary 
operators  (“recovery  of  original  carrier  qubits”)  into  an  error-corrected  state,  and  feeds  the  state 
into  the  next  group  of  gates.  Such  periodic  error  correction  prevents  accumulation  of  errors  in 
the  state  (“quantum  Zeno  effect”).  At  the  end  of  the  computation,  the  carrier  qubits  are  decoded. 
The  encoding  spreads  the  state  of  the  N  logical  qubits  over  all  N  '  carrier  qubits  so  that  when  the 
syndromes  are  measured,  no  information  about  the  state  of  the  logical  qubits  is  revealed  (“noise¬ 
less”  or  “decoherence-free”  subspaces):  the  projections  preserve  superpositions  of  the  logical 
qubits,  and  the  state  of  the  carrier  qubits  is  highly  entangled  even  if  the  logical-qubit  state  is  not. 
Remarkably,  a  discrete  set  of  corrections  can  correct  a  continuum  of  errors.  For  a  code  to  correct 
any  error  on  any  M  carrier  qubits,  a  necessary  condition  is 

N'*4M  +  N  (13) 

(Knill-Laflamme  bound),  and  a  sufficient  condition  for  large  N  is 

N/N'<  1-2  [— x  log  2  x-(l- x)log2(l  -  x)\mm  /N,  (14) 

(Gilbert- Varshamov  bound).  E.g.,  a  code  exists  which  encodes  one  logical  qubit  (N  « 1)  into  5 
carrier  qubits  (N’  =  5)  and  corrects  any  error  on  any  one  carrier  qubit  (M  =  1)  with  16  pairs  of 
syndrome  measurements  and  recovery  operations  (equality  in  the  Knill-Laflamme  bound). 

Different  codes  require  different  encoding  of  gates,  and  of  interest  are  encodings  for  which 
an  error  in  an  input  carrier  qubit  or  the  gate  operation  propagates  only  to  a  small  number  of 
output  carrier  qubits.  Specifically,  an  encoded  gate  is  called  fault-tolerant  if  a  failure  with 
probability  p  of  any  single  component  (e.g.,  one  of  the  10  “wires”  feeding  two  logical  qubits, 
each  encoded  by  5  carrier  qubits,  into  a  controlled-not  gate)  introduces  an  error  in  two  or  more 
carrier  qubits  in  any  logical  output  qubit  with  probability  cp2  at  most,  with  c  a  constant  and  p 
small.  Such  a  gate,  when  followed  by  error  correction  with  M  =  1,  yields  an  error-free  output 
with  probability  1  -  cp2,  i.e.,  reduces  the  error  probability  from  p  to  cp2  if  p  <  1  /c.  Fault- tolerant 
Hadamard,  T ,  and  controlled-not  gates  exist  with  c  ~104  and  d~  102,  where  d  is  the  number  of 
operations  on  carrier  qubits  needed  to  encode  and  error-correct  the  gate.  By  hierarchical  fault- 
tolerant  encoding  of  all  gates,  a  computation  involving  L  gates  can  be  carried  out  to  within 
accuracy  e  using  only  0(L[\n(L/e)][o$ld)  operations  on  carrier  qubits,  if  p<\/c  (threshold 
theorem  for  quantum  computation).  Thus,  if  the  noise  in  individual  carrier  qubits  is  low  enough, 
p  <  1/c  ~  1(T\  arbitrarily  large  computations  can  be  performed  because  the  overhead  for  error 
correction  grows  only  polynomial-logarithmically  with  the  size  of  the  computation,  L. 


EXPERIMENTAL  STATE  OF  THE  ART  AND  HARDWARE  REQUIREMENTS 

A  remarkable  array  of  experimental  realizations  of  quantum  computing  devices  and  algo¬ 
rithms  have  been  achieved  to  date.  Current  record  holders  with  respect  to  the  number  of  qubits 
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that  can  be  controlled  and  prepared  in  well-defined  states  include,  in  the  different  categories  of 
experimental  implementation: 

(i)  7-qubit  nuclear  magnetic  resonance  devices  (NMR):  three  'H  and  four  ,3C  nuclei  in  trans- 
crotonic  acid,  each  in  the  spin  up  or  down  state,  with  a  total  of  twelve  2-qubit  gates  driven  by 
radio-frequency  pulses,  preparing  the  “Schrodinger-cat  state”  (|0000000)  +  jlllllll)) /V2  and 
converting  it  into  the  state  |0000000)  [14];  and  five  19F  and  two  13C  nuclei  in  a  custom-made 
molecule,  fully  implementing,  with  a  sequence  of  300  radio-frequency  pulses,  Shor’s  algorithm 
to  factor  the  number  1 5  [  1 5]; 

(ii)  a  4-qubit  ion-trap  device  (IT):  four  9Be+  ions  in  a  linear  electromagnetic  trap,  each  in  one 
of  two  hyperfine  Zeeman  levels  and  driven  by  Raman  transitions  [16]; 

(iii)  a  3-qubit  device  based  on  cavity  quantum  electrodynamics  (CQED):  three  Rb  atoms, 
each  in  one  of  two  Rydberg  states  (principal  quantum  numbers  49,  50,  and  51)  and  coupled  to  a 
cavity  mode  with  zero  or  one  photon,  driven  by  microwave  pulses  [17];  and 

(iv)  1 -qubit  devices  based  on  macroscopic  persistent-current  states  in  superconductors  [18]. 

Computations  earned  out,  in  addition  to  Shor’s  algorithm,  include:  Grover’s  algorithm  on  a 

2-qubit  NMR  device  (1998/99);  dynamics  of  quantum  harmonic  and  anharmonic  oscillators  on  a 
2-qubit  NMR  device  (1999);  the  Deutsch-Jozsa  algorithm  on  a  5-qubit  NMR  device  (2000); 
finding  the  order  of  a  permutation  on  a  5-qubit  NMR  device  (2000);  correction  of  any  one-qubit 
error  on  a  5-qubit  NMR  device  (2001);  noiseless  encoding  of  one  logical  qubit  in  a  3-qubit  NMR 
device  (2001);  quantum  lattice-gas  treatment  of  the  diffusion  equation  and  Burgers  equation  on  a 
2-qubit  NMR  device  (2002);  quantum  baker’s  map  on  a  3-qubit  NMR  device  (2002);  protection 
of  an  IT  qubit  from  decoherence  (two  9Be+  ions  encoding  one  qubit  (2001));  controlled-not  gate 
on  a  2-qubit  IT  device  (one  9Be+  ion  implementing  a  motional  and  an  internal-state  qubit  (2002)); 
and  Grover’s  algorithm  in  a  5-“qubit”  classical  optical  cavity,  demonstrating  that  the  algorithm 
requires  no  entanglement  (2002). 

Any  experimental  realization  faces  three  challenges: 

(i)  The  device  must  be  able  to  control  the  state  of  each  qubit  separately,  while  allowing 
neighboring  qubits  to  interact  with  each  other  for  the  operation  of  two-qubit  gates.  Control  of 
individual  qubits  is  achieved  by  different  chemical  shifts  in  NMR,  laser  beams  driving  ions 
spatially  separated  by  tens  of  pm  in  IT,  and  pulses  addressing  successive  atoms  traveling  at 
spatial  separation  of  several  cm  in  CQED.  Qubits  interact  via  spin-spin  coupling  in  NMR,  a 
shared  phonon  state  of  the  ions  (excitation  of  the  center-of-mass  mode)  in  IT,  and  electric  dipole 
coupling  between  each  atom  and  the  cavity  mode  in  CQED. 

(ii)  The  system  must  be  switchable,  so  that  interactions  executing  a  prescribed  sequence  of 
gate  operations  (Hamiltonian  H (/))  can  be  turned  on  and  off  by  external  control.  Switching  is 
done  by  magnetic  field  pulses  in  NMR,  and  laser  pulses  in  IT  and  CQED. 

(iii)  The  computer  must  be  well  isolated  from  the  environment  so  that  the  decoherence  time 
/d,  the  time  at  which  the  computer  and  the  environment  depart  significantly  from  a  product  state 
(entanglement  of  the  computer  with  the  environment),  is  long  compared  to  rg,  the  time  it  takes  to 
operate  a  single  gate.  At  time  fd,  a  generic  qubit  state  tfQ)  +  b\l)  will  have  degraded  into  the 
mixture  H2|0)(0|  +  |6|2|1){1|  (density  matrix),  which  no  longer  contains  the  interference  terms 
necessary  for  quantum  computation.  Good  isolation  is  provided  by  long  spin-spin  and  spin- 
lattice  relaxation  times  in  NMR  ( td  - 10“2  -108  s,  rg  «  KT6  -  1(T3  s),  long-lived  hyperfine  levels 
and  stable  trap  and  laser  operation  in  IT  (fd  - 10"1  - 10°  s,  t&  =  10‘7  - 10'5  s),  and  the  low  sponta¬ 
neous  emission  rate  of  Rydberg  states  and  low  photon  escape  rate  from  the  cavity  in  CQED 
(td  - 10_3-10°  s,  rg - 10-5 -10-4  s). 
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DECOHERENCE  ESTIMATES 


The  condition  tg  <  td  is  a  challenge  because  the  computer  must  be  a  weakly  open  system  for 
time  fg,  but  a  strongly  closed  system  for  time  td.  The  condition  p<\/c  in  the  threshold  theorem 
for  quantum  computation  is  even  more  demanding.  To  see  this,  let  | ty(0)  be  the  state  of  the 
computer  and  environment  interacting  with  each  other,  starting  from  a  product  state  at  t  =  0;  and 
let  \tpn  (0)  be  the  same  state,  but  noninteracting  (product  state  at  all  times): 

tow)  =  rexp(-07ft)^{//c(i)  +  H'(s)  +  V(.s)}ds'fvMhM)>  (15) 

lift,  (0)  =  [rexp(-07*)^  //c(j)*)|v;c(0))]  [rexp(-(//fi)^  //.(j^j^O))]  .  (16) 

Here  //c(r),  He(t\  and  V(t)  is  the  Hamiltonian  of  the  computer,  environment,  and  interaction 
between  the  two,  respectively;  and  |t//c(0))  and  |t/;e(0))  is  the  initial  state  of  the  computer  and 
environment,  respectively.  Suppose  now  the  overlap  (“fidelity”), 

FWr-KfiWtoW)!.  (17) 

decays  exponentially  with  time.  The  decay  constant  is  the  inverse  of  the  decoherence  time, 
F(t)  -  e~l,t& ,  and  the  threshold  condition  requires  the  failure  probability  p  to  satisfy 

p  •  1  -  F2(tg)  - 1  - e"2'' ,u  <l/c,  (18) 

which  gives  the  condition  t%  <  td  /(2c)  for  large  c.  Thus  the  computer  must  remain  isolated  from 
the  environment  for  about  104  gate  operations  for  sustained  computations.  Present  devices  can 
execute  about  300  operations  [15]  and  are  far  from  this  goal. 

One  may  seek  to  reduce  tg  and  use  (18)  to  estimate  how  short  rg  should  be  for  the  threshold 
theorem  to  kick  in.  But  for  short  times,  the  fidelity  does  not  decay  exponentially,  and  Eq.  (18)  is 
not  appropriate.  Also,  the  fidelity  evolves  differently  if  a  gate  is  switched  rapidly  instead  of 
slowly,  which  further  limits  the  validity  of  (18).  It  is  therefore  of  interest  that  a  universal  bound 
for  the  fidelity  exists  which  suffers  from  none  of  these  limitations.  The  bound  reads 


F(t)  (r)  :=  cos|minjft  A(^)^,  jt/2||, 

(19) 

A(s) (H>„  (s) \V  2(s)\ipn  (s))  -  (%  (s) |V (ir)|ipn  (5)) 2 , 

(20) 

valid  for  all  t.  It  requires  only  the  knowledge  of  the  product  state  (16)  and  interaction  V(s).  The 
energy  uncertainty  A(s)  is  easy  to  evaluate  compared  to  the  task  of  computing  the  fidelity  from 
(15-17).  The  bound  is  a  “worst-case”  decoherence  estimate:  if  F_(t)  is  close  to  1,  so  is  F(t )  by 
F(t)  :s  1 ,  and  decoherence  is  guaranteed  small.  F_(t)  equals  1  at  t  =  0,  decreases  with  increasing 
t  (the  more  slowly,  the  weaker  the  interaction),  and  reaches  zero  (trivial  bound)  when  the  integral 
exceeds  jdxfl.  The  time  r  at  which  F_(t)  has  dropped  to  the  value  \/e,  f0A(s)ds  =  1.19, 
gives  a  lower  bound  for  the  decoherence  time,  r  £  tA  (Fig.  3).  A  particularly  appealing  form  of 
inequality  (19)  is  the  upper  bound 
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(21) 


p(t)  s  sin2  |min|Vl  A (s)ds,  jr/2jj 

for  the  probability  of  the  quantum  computation  |^c(r))  (first  factor  in  (16))  to  “fail”  after  time  t 
due  to  imperfect  isolation,  p{t) 1  —  F2{1).  The  term  “fail”  is  short  for  the  interacting  state  to 
give  possibly  different  results  than  the  noninteracting  state.  The  bound  (21)  estimates  the  failure 
probability  rigorously,  at  any  point  in  time,  and  without  reference  to  gate-switching  and  decoher¬ 
ence  times  (parameter-free  decoherence  estimate),  unlike  (18). 

The  result  (19)  is  an  application  of  the  variational  principle  of  Pfeifer  and  Frohlich  [19]  (see 
also  [20])  which  states  that  if  |ip(/)^  is  a  solution  of  the  time-dependent  Schrodinger  equation 
with  Hamiltonian  H(t)  and  \ipt(t))  is  a  trial  state  with  |^,(0))  -  |y(0)),  then 


|(V'(0|V',(0)|icos(min{r,J^  ||(l  -  |y, (s)}^, (s)|) (H(s)  -  ih £ftpt (*))||<fc,  */ 2}).  (22) 

The  norm  under  the  integral  tracks  the  amount  by  which  the  trial  state  does  not  satisfy  the  Schro¬ 
dinger  equation.  For  the  choice  H{i)  =  Hc(t)  +  Ht(t)  +  V(t\  \ty(t))  « | ^ (0),  and  \ipt (t))  =  \ipn  (0), 
the  norm  reduces  to  AO),  whence  (19). 

To  explore  the  performance  of  (19),  we  have  computed  (22)  numerically  for  a  model  system. 
The  system  is  a  particle  in  a  step  potential  in  one  dimension,  which  splits  an  incoming  wave 
packet  into  a  transmitted  and  reflected  wave  packet,  similar  to  a  Hadamard  gate.  But  here  the 
potential  models  the  interaction  of  the  computer  and  environment.  The  initial  state  is  a  Gaussian 
wave  packet.  The  trial  state  is  a  Gaussian  wave  packet  with  position  and  momentum  equal  to  the 
classical  motion  across  the  potential  step,  neglects  the  reflected  wave  packet,  but  includes  the 
spreading  of  the  transmitted  packet  (“quasi -free  particle”).  Table  II  maps  the  computer  dynamics 
onto  the  wave-packet  dynamics.  Figure  4  shows  the  result  for  incident  kinetic  energy  100  times 
the  energy  of  the  potential  step,  and  initial  wave-packet  width  1/10  of  the  initial  distance  from 
the  step.  It  is  a  sample  from  15  computations,  varying  in  initial  energy  and  width.  When  the 
wave  packet  reaches  the  step  and  splits  into  a  large-amplitude  transmitted  and  small-amplitude 
reflected  component,  the  overlap  drops  from  1.000  to  0.997;  when  the  transmitted  component  is 
well  separated  from  the  reflected  component,  the  overlap  rises  back  to  1.000.  In  comparison,  the 


Figure  3.  Lower  bound  r  for  the  decoherence  time  td  (schematic).  The  upper  curve  is  F(t), 
assumed  to  obey  F(t)  -  e  llti  for  large  t  (definition  of  td)\  the  lower  curve  is  F_(t). 
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Table  II.  Wave-packet  model  (WP)  of  the  dynamics  of  a  quantum  computer  (QC). 


QC 

WP 

Isolated  computer: 

•  Hamiltonian 

•  State 

Hc( 

IV'n(O) 

Quasi -free  particle 

IV'.(O) 

Nonisolated  computer: 

•  Hamiltonian 

•  State 

H'U)  +  H'V)  +  VW 

tow) 

Particle  in  step  potential 
|lK0) 

Fidelity: 

•  Lower  bound 

•  Lower  bound  =  1  if 

•  Lower  bound  -  1  if 

Eq.  (19) 

V(t)=  0 

Energy  of  y„(0))  is  large 

Eq.  (22) 

Potential  step  =  0 

Traversal  of  step  is  fast 

lower  bound  drops  to  0.95  when  the  wave  packet  reaches  the  step,  and  remains  at  that  value 
because  the  integral  in  (22)  accumulates  all  departures  of  the  trial  state  from  the  exact  state:  a 
temporary  departure  produces  a  permanent  drop.  The  bound  does  not  drop  further  because  the 
trial  state  is  asymptotically  exact  on  the  far  side  of  the  step.  Thus  the  bound  performs  very  well. 
It  performs  well  whenever  the  wave  packet  traverses  the  step  fast,  i.e.,  the  arrival  time  at  the  step 
is  long  and  the  residence  time  at  the  step  is  short. 

Fast  traversal  of  the  step  translates  into  a  large  energy  of  the  computer  state  compared  to  the 
interaction  energy.  Thus  the  probability  of  a  gate  to  fail  at  time  rg,  p(rg),  is  small  if  the  energy 
supplied  to  switch  the  gate,  £g,  is  large:  ( dpfdE%)t  <0.  This  agrees  with  the  recent  estimate, 
p~  ft/(rg£g),  of  the  smallest  achievable  failure  probability,  or  minimum  energy  required  to 
switch  the  gate,  under  isolation  [21].  Our  result  is  a  first  step  to  extend  the  estimate  to  the  case 
where  the  computer  is  not  isolated. 


Figure  4.  Numerical  evaluation  of  inequality  (22).  Left:  overlap  of  the  exact  state  and  the  trial 
state  [left-hand  side  of  (22)].  Right:  lower  bound  of  the  overlap  [right-hand  side  of  (22)].  Time 
is  in  units  of  ft /(energy  of  the  potential  step). 


275 


CONCLUSIONS 


We  have  reviewed  quantum  computing  as  an  interplay  of  deterministic  time  evolution  and 
probabilistic  measurement  outcomes,  constructive  and  destructive  interference,  open  and  closed 
system  dynamics,  and  theory  and  experiment.  We  have  developed  an  inequality,  Eq.  (21),  which 
decomposes  the  failure  probability  of  the  computer,  due  to  imperfect  isolation,  into  a  part  that 
maintains  coherence,  |V\,(.s))>  and  the  part  that  causes  decoherence,  V(s).  The  inequality  reduces 
the  estimation  of  failure  probabilities  to  a  computationally  easy  problem  for  a  wide  range  of 
computer  designs.  In  an  exploratory  model  computation,  we  find  that  the  failure  probability  can 
be  made  small  by  making  the  energy  stored  in  the  computer  large.  This  suggests  there  may  be  a 
variety  of  ways,  to  be  uncovered  yet,  to  minimize  decoherence  at  given  V(s). 
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